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ABSTRACT
The seagrass resource provides essential ecosystem functions for many marine species.
This research evaluated the vulnerability and sustainability of the seagrass resource in an
urbanized area to the effects of sea level rise. The assessment required analysis of information
regarding the biogeography of the seagrass resource, and developing a method to model the
spatial extent of the suitable habitat for seagrass, and applying the model to predict the
implications of simulated sea level rise scenarios on the seagrass resource.
Examining the biogeography of the seagrass resource required the development of a
seagrass monitoring and assessment field survey and a comprehensive seagrass resource map
(SGRM). The mesoscale field survey was designed and conducted in St. Joseph Sound (STJS)
and Clearwater Harbor North (CLWN), Pinellas County, Florida from 2006-2010 to determine
the seagrass species composition and spatial distribution for the resource. The seagrass species
found in the study area consisted of Syringodium filiforme Kützing (Syringodium), Thalassia
testudinum Banks ex König (Thalassia), and Halodule wrightii Ascherson (Halodule). These
seagrass species occurred in monospecific and mixed beds in all combinations throughout the
study area. Spatially, Thalassia was the dominant nearshore in STJS and Halodule in CLWN.
Syringodium was most frequently found in STJS in the mid to deep depths.
The SGRM was mapped from satellite remote sensing imagery with training information
from the mesoscale field survey data. Landsat 5 Thematic Mapper (TM) and Earth Observing-1
viii

Hyperion (HYP) were processed to map the seagrass resource in the study area in a nearshore
shallow coastal area of Pinellas County, FL, USA. A maximum likelihood classification (MLC)
was used to classify both TM and HYP imagery into three classes (seagrass estimated coverage)
of the seagrass resource. The overall accuracy for the TM MLC map was 91% (kappa = 0.85)
and the HYP was 95% (kappa = 0.92). Due to areas of cloud cover in the HYP image, it was
necessary to composite the classification values from the TM MLC to accurately define these
areas. The validation accuracy (n=72) of the composite seagrass resource map was 81% which
was much more rigorous than the previous accuracy estimates. These results support the
application of remote sensing methods to analyze the spatial extent of the seagrass resource.
The development of a spatial habitat suitability model (HSM) for the seagrass resource
provided a management tool to better understand the relationship between seagrass, water
quality, and other environmental factors. The motivation to develop the spatial HSM was to
provide a spatial modeling tool to simulate changes in the water quality environment and
evaluate the potential impact on the seagrass resource. High resolution bathymetry and field
survey water quality data were used to fit general additive models (GAM) to the STJS (Adjusted
R2= 0.72, n=134) and CLWN (Adjusted R2= 0.75, n=138) seagrass resource. The final GAMs
included water quality variables including salinity, chlorophyll-a concentration, total suspended
solids, turbidity, and light. The only significant variable was the light metric in STJS (p-value=
0.001) and CLWN (p-value= 0.006). The light metric was the logarithmic light attenuation
calculated from the water quality field survey transmittance (660nm) data and the high resolution
bathymetry. The overall accuracy (OA) of the predictive GAM rasters was higher in CLWN
(95%, kappa =0.88) than in STJS (82%, kappa = 0.40). The increased prediction error in STJS
ix

was spatially correlated with the areas of lower density seagrass along the deep edge of the bed.
While there may be a plethora of factors contributing to the decreased density of the seagrass,
this may indicate these seagrass were already living at the edge of the suitable habitat.
Factors threatening the sustainability of the seagrass resource included those related to
water quality and environmental changes. Knowledge of these relationships was essential to
develop a predictive spatial HSM to simulate responses of the seagrass to changes in the water
quality and the environment. Historically, environmental management strategies focused on
water quality targets, but have not considered mitigation for climate change impacts, specifically
sea level rise (SLR). This study utilized the HSM for the seagrass resource as a management
tool to better understand the relationship between seagrass, water quality, and sea level rise
scenarios.
Based on SLR scenarios for 1ft-6ft (0.305m-1.83m) from 2010 to 2100, the potential
seagrass habitat loss and gain was analyzed. From the current 60 km2 of seagrass habitat in St.
Joseph Sound (STJS) and Clearwater Harbor North (CLWN), the predicted seagrass habitat loss
based on the HSM which focused on light availability for photosynthesis ranged from 14 km2
(SLR 1ft) to 26 km2 (SLR 2ft) to the entire 60 km2 (SLR 6ft). The potential seagrass habitat gain
based on the coastal flooding model (NOAA, 2012) ranged from 4 km2 (SLR 1ft) to 19 km2
(SLR 6ft). However, based on the spatial distribution of the seagrass and the proximity of the
seagrass to the new habitat, the potential viable habitat based on the mean seagrass growth rates
(horizontal rhizome elongation) only ranged from 2 km2 (SLR 1ft) to 9 km2 (SLR 6ft). An
additional complexity to the gain of seagrass habitat was the effect of the anthropogenically
altered shorelines, seawalls, which covered 47% of the shoreline. These seawalls potentially
x

could impede the inundation of the seawater and the seagrass colonization of these areas by
creating a vertical boundary for seagrass growth.
The mitigation of the potential effects of SLR on the seagrass resource may require
ecosystem level management. While management of water quality would continue to benefit the
seagrass resource, additional management strategies would be necessary to mitigate for potential
decrease in suitable seagrass habitat related to the effects of SLR. A discussion of potential
management approaches suggested that the integration of coastal shoreline management
strategies and seagrass resource management would be essential to insure the sustainability of
the resource.

xi

CHAPTER 1. INTRODUCTION
Throughout the nearshore and estuarine areas of the Gulf of Mexico (GOM), submerged
aquatic vegetation (SAV) consisting of seagrass and macrophytic algae creates underwater
meadows. Seagrass beds grow as continuous meadows or a mosaic of various size and shape
patches (Brooks and Bell 2001). This highly productive habitat is commonly referred to as the
seagrass resource. The seagrass resource, as referred to in this study, encompasses seagrass and
other SAV inhabiting the study area. Seagrass are vascular flowering plants, angiosperms,
specialized for living in marine nearshore environments (Dawes, Phillips and Morrison 2004).
Ecological functions provided by seagrass resource include structural and physiological
characteristics that support species living in the seagrass communities. Functions such as
nutrient cycling, detritus production, sediment formation, and shelter increase the primary
productivity of the ecosystem (Dawes et al. 2004). The physical structure of the seagrass
disperses wave energy, reduces erosion, and promotes water clarity (Fonseca and Bell 1998).
Designated as an Essential Fishery Habitat (EFH), the seagrass resource supports various life
stages of many species in the ecosystem, such as nursery habitats for numerous fish species
(Rydene and Matheson Jr. 2003).
Limited to the shallow nearshore and estuarine areas in the GOM along the west coast of
Florida, the distribution of seagrass is usually determined by water clarity and light penetration
through the water column (Anastasiou 2009, Dawes et al. 2004). Seagrass requires available
light for photosynthesis (Short and Coles 2001), and the depth penetration of the available light
1

is correlated with seagrass growth and survival (Dennison et al. 1993). Thus, good water clarity
is crucial to the persistence and growth of the seagrass beds. The health of the seagrass resource
may also be an indicator of water clarity and nutrient levels (Dennison et al. 1993).
Disturbances in the water quality such as nitrification, sediment suspension, and pollution can
negatively affect water quality and light penetration (Levy, Flock and Meyer 2008).
The complexity of the interacting anthropogenic and natural environmental conditions
adds to the intricate dynamics of the marine ecosystem. Researchers have found relationships
between the anthropogenic factors and the degradation of the seagrass resource and realized the
importance of sustaining this valuable ecosystem (Dennison et al. 1993, Short and Coles 2001,
Chauvaud, Bouchon and Manieres 1998). Correlated with urbanization, there has been an
increase of anthropogenic disturbances to seagrass resources in Florida (Tomasko et al. 2005).
These anthropogenic factors include stormwater pollution, hardened shorelines, development,
eutrophication, and boat propeller scarring cause direct and indirect damage to the nearshore
habitats and seagrass resources (Martin, Onuf and Dunton 2008, Lapointe, Tomasko and Matzie
1994, Tomasko, Bristol and Ott 2001, Tomasko, Dawes and Hall 1996). The proximity of the
urban environment to the aquatic nearshore environment adds a suite of issues to address with
environmental management strategies. In turn, natural factors such as water circulation, beach
erosion, climate change, sea level rise, and weather events may also cause changes to occur in
the ecosystem (Short and Coles 2001, Short and Neckles 1999). These interacting environmental
issues present a challenge for resource managers to develop strategies to protect and sustain the
quality of the ecosystem (Dennison 2008, Orth et al. 2006).
While environmental managers acknowledge the importance of the seagrass resource, the
protection and management strategies focus on monitoring the resource and decreasing
2

anthropogenic disturbances such as dredging and eutrophication of the coastal waters with
pollution regulations and non-combustion zones (Waycott et al. 2009). Current methods for
monitoring and assessing seagrass resources include field survey, aerial photointerpretation, and
satellite imagery classification (Kirkman 1996). However, few environmental management
agencies utilize the monitoring and assessment information to develop long-term management
plans for the preservation of the seagrass resource. Long-term management plans are essential to
address potential threats from climate change and specifically sea level rise (SLR).
While resource managers cannot prevent sea level from rising, long-term strategies may
be developed to aid the preservation of the seagrass resource. In many urbanized areas along the
west coast of Florida the shoreline has been anthropogenically altered with the hardening of
shorelines, such as seawalls. Thus, as the sea level rises, the seagrass and macrophytic algae
may not be able to migrate to more shallow waters where the necessary light is available. In
turn, the suitable habitat for the seagrass resource could be decreased by SLR (Short and Neckles
1999).
Over this century the marine ecosystem will face challenges from both natural and
anthropogenic factors. Environmental factors including both natural and anthropogenic stressors
may drive changes in the ecosystem adding complexity to the intricate dynamics of the marine
ecosystem.

Anthropogenic alterations of the natural habitat, such as the hardening of shorelines

and degradation of water quality, will further complicate the natural adaptation strategies for the
seagrass resource to adjust to potential issues of sea level change. These interacting
environmental issues present a challenge for resource managers to develop strategies to protect
and sustain the quality of the ecosystem.

3

1.1 RESEARCH FOCUS
The purpose of this research is to evaluate the habitat vulnerability of the seagrass
resource to the potential impacts of changes in sea level and to consider proactive resource
management approaches for the long-term resilience and sustainability of the resource. The
preservation of the seagrass resource is quintessential to the productivity of the marine
ecosystem as it provides essential fisheries habitat and ecological functions for many marine
species. The anthropogenic alteration of the shorelines in the urban landscape complicates the
natural strategies of the seagrass to adapt to changes in sea level. Current management practices
address water quality issues and physical disturbances to seagrass; however, the mitigation for
impacts from long-term climatic change such as sea level variation remains beyond the temporal
scope. The spatial, Geographic Information System (GIS) based, integration of seagrass
monitoring and assessment information with components of the physical environment and
simulation of future scenarios allows the exploration of long-term changes and impacts to the
resource from various SLR scenarios.
This dissertation is divided into four main components. Chapter 2: Characterizes the
seagrass resource with a mesoscale field survey program. These data are used in the subsequent
chapters to develop training and test data (Chapter 3), assess the viability of suitable seagrass
habitat, and consider the accuracy of the models (Chapter 5). Chapter 3: Maps the seagrass
resource with satellite remote sensing imagery providing a method to evaluate the changes in
seagrass acreage and a baseline for comparison of the habitat suitability model (Chapter 4).
Chapter 4: Develops a spatial habitat suitability map for seagrass resource management based on
bathymetry, water quality, and light availability, and provides a current baseline to compare
scenarios for changes in sea level and water quality. Chapter 5: Evaluates the habitat
4

vulnerability of the seagrass resource, examining spatial changes of suitable habitat to changes in
sea level and light availability, and considering resource management strategies to sustain the
seagrass resource.

1.2 STUDY AREA
The study area, along the northwest coastline of Pinellas County on the central west coast
of Florida, includes St. Joseph Sound and Clearwater Harbor (Figure 1).

Often referred to as

estuarine waters, the area is categorized as a low-energy system including mixed energy from
wave and tide influences (Elko and Davis 2006). The area has a low wave activity and
significant tidal fluctuation. Extending from the Anclote River to the Walsingham Causeway,
the area is classified in the Gulf Coastal Lowlands physiographic region. In addition to the
Anclote River, several tributaries outfall directly into the study area. The substrate varies from
sand to a shell/sand mixture with a mud/sand mixture as the prominent sediment composition
(Meyer and Levy 2008). The sub-tropical climate of the area has prevailing winds from the
southeast during spring and summer, and predominant winds from the north and northwest
during the fall and winter associated with weather systems. The physical geography of area
consists of open water regions bounded east by the coastal mainland shoreline and west by the
barrier island chain. The terrestrial environment surrounding the study area includes highly
urbanized watersheds. The anthropogenic features include causeways, bridges, navigation
channels, spoil islands, hardened shorelines, and dredge and fill isles.

5

Figure 1. Map of the study area including STJS, and CLWN.

6

A detailed description of the area can be found in the State of the Resource developed in
the Comprehensive Conservation and Management Plan (CCMP) by Janicki Environmental
(2011). The biological environment and ecosystem of the study area provides critical bird
nesting areas, sessile algal communities, essential fishery habitats, marine mammal and turtle
habitats, and numerous human recreational opportunities. Of the 95 km2, expansive seagrass
beds cover approximately 60 km2 providing essential habitat for the marine flora and fauna
(Kaufman 2007, Kaufman 2011b). In general, the seagrass acreage in the study area has
increased slightly from 1998-2010 (Meyer and Levy 2008, Burnes, Harrison and Levy 2011).

7

CHAPTER 2. CHARACTERIZATION AND ASSESSMENT OF
THE GEOGRAPHIC EXTENT OF THE SEAGRASS RESOURCE
2.1 ABSTRACT
Environmental managers require information on the biogeography of the resource to
develop effective strategies to preserve and protect seagrass. A mesoscale field survey was
designed and conducted in St. Joseph Sound (STJS) and Clearwater Harbor North (CLWN),
Pinellas County, Florida from 2006 to 2010 to determine the seagrass species composition and
spatial distribution for the resource. This spatial sampling stratified random survey program was
designed and implemented to collect field survey data on seagrass species composition,
abundance and condition, and associated water quality metrics. The seagrass species
composition analysis indicated the three main seagrass species, of Syringodium filiforme Kützing
(Syringodium), Thalassia testudinum Banks ex König (Thalassia), and Halodule wrightii
Ascherson (Halodule), occurred as monospecific and mixed beds in both strata; however, the

species frequency varied based on strata. Spatially, Thalassia was the dominant nearshore in
STJS and Halodule in CLWN. Syringodium was most frequently found in STJS in the mid to
deep depths. Overall, the mesoscale sampling strategy provided adequate information to
determine the species composition and spatial distribution for the seagrass resource.
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2.2 INTRODUCTION
Seagrass are flowering plants, angiosperms, specialized for living in marine nearshore
environments (Dawes et al. 2004). Seagrass is an important marine resource by providing
ecological functions such as nutrient cycling, detritus production, sediment formation, and
shelter increase the primary productivity of the ecosystem (Dawes et al. 2004). Coastal
managers require reliable data to protect and manage ecosystems (Mumby and Harborne 1999).
Ecological management traditionally relies on small sample designs and extrapolation of results
to larger areas. This practice tends to ignore the spatial variation and connectivity of ecosystems
(Schmidt and Skidmore 2003). Seagrass biomass responds quickly to environmental
disturbances and alterations (Short and Coles 2001). Environmental managers acknowledge the
relationship between the anthropogenic factors and the degradation of the seagrass resource and
realize the importance of sustaining this valuable ecosystem (Chauvaud et al. 1998). The
sustainable management requires an understanding of biogeographic information including the
spatial distribution and characterization of the seagrass resource. Determining the status of the
seagrass resource requires a comprehensive analysis of the geographic extent, species
composition, health, and abundance at both spatial and temporal scales. It is crucial to
understand the characteristics and spatial distributions of seagrass in the sub-tropical
environment, and apply an appropriate sampling design to assess seagrass distribution over the
geographic extent of the resource.
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2.2.1 SEAGRASS COMPOSITION AND SPATIAL DISTRIBUTION
Several previous studies investigated the species composition of the seagrass resource.
Three of those studies are presented here for the discussion. The seagrass distribution and
abundance in Biscayne Bay was investigated by Lirman and Cropper (2003) applying a stratified
random sampling strategy based on geographic region and salinity regimes. The study found
Thalassia as the most abundant species followed by Syringodium and Halodule. Mixed beds
were identified at 26% of the sites consisting of Halodule-Thalassia-Syringodium (7%),
Halodule-Thalassia (7%), and Thalassia-Syringodium (12%). Homogenous beds for , Thalassia
occurred at 57% of sites; whereas, Halodule and Syringodium were rarely monospecific and
often mixed with , Thalassia (Lirman and Cropper 2003).
Micheli et al. (2008) investigated the changes in seagrass species composition of Zostera
marina and Halodule over two decades in North Carolina. The results suggested that although
biomass fluctuated, Halodule did not show any consistent pattern of change (Micheli et al.
2008). In addition, the experimental results determined that Halodule could grow throughout the
Zostera marina habitat (Micheli et al. 2008).
Dawes et al. (2004) provided an overview of the seagrass resources in the GOM from the
compilation of many previous research initiatives. In general, Halodule grows in the shallow
inshore zones and experiences frequent salinity fluctuations and low tide exposure (Dawes et al.
2004). The Thalassia and Syringodium occur in the moderate water depths. Often Halodule
grows at the deep edge of the seagrass bed (Dawes et al. 2004). Dawes et al. (2004) divided the
Gulf coast of Florida coast into four geographic areas: (1) Panhandle, (2) Big Bend, (3) Gulf
Peninsula, and (4) South Florida. The Gulf Peninsula region which encompasses the study area
was classified as a moderate-energy coastline. Based on previous studies, the seagrass resource
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decreased from the 1950’s through the 1980’s and began slowly increasing in recent years
(Dawes et al. 2004). These studies encourage further investigation into the biogeographic
properties of the seagrass resource.

2.2.2 SEAGRASS RESOURCE ASSESSMENT METHODS
Resource managers implement various techniques to assess and monitor the spatial and
temporal changes of the seagrass resource. While ecological management traditionally relies on
small sample designs and extrapolation of results to larger areas, this practice tends to ignore the
spatial dimension, variability, and connectivity of ecosystems (Schmidt and Skidmore 2003).
Kirkman (1996) describes some of the methods for seagrass monitoring. The most common
field survey technique consists of permanent transect monitoring. Usually monitored annually,
transects are revisited by using spatial coordinates from a Global Positioning System (GPS). In
most cases, the permanent transects start on or near shore and then continue perpendicular to the
shoreline along the depth gradient (Kirkman 1996). The field survey methods provide highly
detailed information on the seagrass species, condition, abundance, and biomass; however, the
data is restricted spatial and temporal scale preventing extrapolation across the entire resource.
Other field survey methods include collecting random point data, stratified random sampling
designs, and seagrass habitat census mapping(Kirkman 1996). The latter is the most intensive
method which requires researchers to swim the entire seagrass area. In summary, the current
monitoring strategies are limited by either the spatial or temporal scale of the data which
prevents the development of a comprehensive resource trend analysis.
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2.2.3 RESEARCH FOCUS
To adequately preserve and protect the seagrass resource, environmental managers must
understand the biogeography of the resource including the geographic extent and species
distribution. The development and implementation of this seagrass assessment program arose
from the realization that the previous fixed transect monitoring program could not be
extrapolated to determine the overall status and geographical extent of the resource. For
example, monitoring 14 fixed transects throughout the 95 km2 area only captured the fine-scale
variation of the seagrass zonation and abundance. While fixed transect monitoring programs
provide fine-scale information on the resource, achieving a sampling size large enough to assess
the geographic extent of the seagrass resource is usually cost prohibitive. To characterize and
assess the geographic extent and maintain detailed composition and health data of the seagrass
resource required the development of a mesoscale sampling design. This field survey, developed
and conducted in collaboration with the Pinellas County Watershed Management Division
(Meyer and Levy 2008), aims to determine the species composition and general spatial
distribution of the three main seagrass species in the study area.

2.3 METHODS
To characterize and assess the geographic extent of the seagrass resource while
maintaining adequately detailed species composition and condition information, a mesoscale
sampling strategy was designed and implemented. This seagrass sampling program was
developed and conducted in conjunction with the Pinellas County Watershed Management
Division beginning in 2006 and the preliminary results were detailed by Meyer and Levy (2008).
The main component of the spatial sampling design relied on stratified random sampling with a
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secondary purposeful sampling aspect (Holmes et al. 2006). The purposeful sampling included
biennial sampling of fourteen transects sites aligned with the previous fixed transect monitoring
sites to maintain the relation to the previous sampling program 1998-2005 (Deitche and Meyer
2003).
The stratified spatial sampling component utilized the most recent seagrass map from the
Southwest Florida Water Management District (SWFWMD) aerial photointerpretation (AP)
project as a boundary for the stratification of sites in the areas classified as contiuous or patchy
grassbeds (Kaufman and Heyl 2009). The study area included two strata St. Joseph Sound
(STJS) and Clearwater Harbor North (CLWN) (Figure 1). The sites were randomly selected
with 15% percent of the sampling sites were allocated to the areas classified by the SWFWMD
AP map as “no seagrass” in an effort to determine if the seagrass habitat actually expanded into
these areas. During the 2006-2010 sampling seasons, Pinellas County Watershed Management
staff collected information from a total of 276 sites (Table 1). The 2006 sampling design, a pilot
study, attempted a balanced distribution between the three strata. During the 2006 sampling
season, the sites were stratified by depth zones (0-0.5m, 0.51-1.2m, and >1.2m). Within each
stratum and each zone, seven randomly selected sites were sampled resulting in 21 sites in each
stratum. Due to unreliable bathymetry data available at the time, the design was altered for
2007-2010 to randomly select sites then post-stratify the sites into the depth zones using the tidecorrected depth observations. In addition, the sampling effort was reallocated for the remaining
years of the study based on the seagrass acreage per stratum resulting in an approximate one site
to 250 acres (1 km2). The 1:250 ratio resulted in approximately 40 sites in STJS, and 17 sites in
CLWN (Table 1).
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Table 1. Sampling site (transect) distribution in STJS and CLWN during 2006-2010.
Year
2006

2007

2008

2009

2010

Total

STJS

24

41

38

41

41

185

CLWN

21

19

17

17

17

91

Total

45

60

55

58

58

276

The site coordinates were used as the starting point and located with a Trimble® GPS
unit. The transects were oriented perpendicular to the depth gradient and parallel to the
shoreline. At a site, a weighted transect (30m) was deployed with dive flags marking each end.
The researchers snorkeled or used SCUBA to swim along the transect and record data. Starting
at the zero meter mark, the seagrass condition was recorded at marked five meter intervals.
Seagrass abundance was assessed by estimating the percent of coverage within the quadrat
evaluating each species independently. At the 0 m, 15 m, and 30 m marks three shoot density
counts and five blade length measurements were also collected for each seagrass species present.
The density counts were made using the subdivisions of the 0.5 m square frame which measured
10 cm x 10 cm. Other data collected at each site included: water depth, sediment composition,
seagrass appearance, epiphytic density, health condition, and algae occurrence. Water quality
information collected from the boat at each site included transmittance samples, Licor® readings
to calculate photosynthetic active radiation (PAR), and Hydrolab® multi-paramenter probe
including salinity, conductivity, dissolved oxygen, depth, pH, and temperature (Hydrolab 2006).
The HydroLab ® readings collected at 0.2 m below the surface and at the bottom.
Prior to analysis, the compilation of the spatial data required geographic information
system (GIS) software, ESRI® ArcMap 9.3 (ESRI 2010), as well as Microsoft® Excel. The
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mean seagrass percent coverage was calculated from the seven quadrats for each transect. The
analysis of composition and frequency of species was completed in Microsoft® Excel. The start
and end points for each transect were recorded in the field and the subdivisions of the transect
were defined using GIS processing. The spatial trends for each seagrass species and water
quality were determined by mapping the transects and applying descriptive statistics and
observational conclusions based on the strata.

2.4 RESULTS AND DISCUSSION
The seagrass field survey provided information to characterize the seagrass species
composition and the spatial distribution of the seagrass resource. During the 2006-2010
sampling seasons, Pinellas County Watershed Management collected information from a total of
276 sites (Table 1) (Meyer and Levy 2008, Burnes et al. 2011). To easily compare results for the
strata, the species composition was presented as percent frequency.

2.4.1 SPECIES COMPOSITION
The species composition analysis indicated that the three main seagrass species were
Syringodium filiforme Kützing (Syringodium), Thalassia testudinum Banks ex König (Thalassia),

and Halodule wrightii Ascherson (Halodule). These seagrass species occurred in monospecific
and mixed beds throughout the study area (Figure 2, top). In addition to the seagrass species, the
resource included a variety of rhizophytic algae (Figure 2, bottom) and a plethora of
invertebrates including the Bay Scallop (Argopecten irradians) (Meyer and Levy 2008).
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Figure 2. Seagrass species in monospecific and mixed beds (top) and rhizophytic algae and
invertebrates found in the study area (bottom).
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The species composition was evaluated by analyzing the frequency of each seagrass
species in both monospecific and mixed beds. The results of the frequency analysis based on
2006-2010 showed Halodule as the most popular species occurring at 53% of the sites followed
by Syringodium (50%) and Thalassia (37%) (Table 2). These results were contrary to the
findings of Lirman and Cropper (2003) in Biscayne Bay which found Thalassia as the most
abundant seagrass followed Syringodium and Halodule. The frequency of these species varies
based on the strata. In STJS, Syringodium was the most frequent species (58%) with Halodule
and Thalassia at 43% and 41%, respectively. In CLWN, Halodule was by far the most frequent
species at 74% with Thalassia (30%) and Syringodium (33%) less frequent.

Table 2. Species frequency in percent for each stratum and year.
2006

2007

2008

2009

2010

All
Years

33
76

59
95

39
65

39
71

41
59

43
74

46
33

41
32

45
29

39
29

37
24

41
30

58
33

63
53

55
35

63
29

51
12

58
33

Halodule
STJS
CLWN
Thalassia
STJS
CLWN
Syringodium
STJS
CLWN

Overall, throughout the study area, monospecific beds were found for all three species in
each stratum. In STJS, Syringodium most often occurred as a monospecific bed (20%) (Table 3).
In CLWN, Halodule was frequently found in monospecific beds (36%); however, Halodule was
the least frequent species in STJS (11%). Lirman and Cropper (2003) identified Thalassia as the
most frequent monospecific species in Biscayne Bay. As these results both consistent and
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inconsistent with Lirman and Cropper (2003), a comparison of the water quality between
Biscayne Bay and STJS could be an interesting area for future research. Monospecific Thalassia
beds remained consistent throughout the strata varying from 12-13%. Similar to the findings of
Lirman and Cropper (2003), Syringodium rarely occurred as a monospecific bed in CLWN (8%).
To the contrary, Syringodium occurred as monospecific beds frequently (20%) in STJS. These
comparisons to previous research suggested that additional environmental factors, such as
salinity, nutrients, bathymetry, and light availability may be contributing to the species
composition of the beds.

Table 3. Species composition frequency (%) for monospecific seagrass beds.
All
Years

2006

2007

2008

2009

2010

STJS
CLWN

8
33

10
32

13
35

10
35

12
47

11
36

STJS
CLWN

17
14

12
5

13
12

12
18

10
12

12
12

STJS
CLWN

25
10

20
0

16
18

24
0

17
12

20
8

Monospecific Seagrass Beds
Halodule
Thalassia
Syringodium

The composition of the mixed beds included all four possible combinations of the
seagrass species in each stratum. Table 4 provides the frequency of the three species based on
the mixed species composition of the beds. In STJS, Halodule-Syringodium (H-S) (24%) and
Thalassia-Syringodium (T-S) (21%) occurred most frequently. In CLWN, Halodule occurred in
mixed beds both as H-S (25%) and H-T (18%). In comparison, Lirman and Cropper (2003)
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found H-T-S at 7% of sites, H-T at 7% of sites, T-S at 12% of sites, and did not find any
occurrences of H-S in Biscayne Bay. The salinity fluctuated (5-45 ppt) in Biscayne Bay and
while Halodule was found to be the most tolerant species to these salinity pulses, Syringodium
was the least tolerant (Lirman and Cropper 2003, Lirman et al. 2008). Thus, it was likely the
Halodule and Syringodium inhabited different salinity niches in Biscayne Bay and not found as a
mixed species composition.

Table 4. Species composition frequency (%) for mixed seagrass beds.
2006

2007

2008

2009

2010

All Years

4
0

10
5

3
6

12
6

7
0

8
3

13
19

20
26

11
18

15
12

15
12

15
18

17
24

34
53

18
18

27
29

22
0

24
25

21
0

17
5

24
6

24
6

20
0

21
3

Mixed Seagrass Beds
Halodule, Thalassia, Syringodium
STJS
CLWN
Halodule, Thalassia
STJS
CLWN
Halodule, Syringodium
STJS
CLWN
Thalassia, Syringodium
STJS
CLWN

2.4.2 SPATIAL DISTRIBUTION
While the species composition of the seagrass beds provided valuable information to
characterize the resource, it was essential to further examine the spatial distribution of these
species. Dawes et el. (2004) provided generalizations for the spatial zonation of seagrass in the
near shore areas of the GOM. The Halodule typically grew in the shallow inshore and intertidal
zone while Thalassia and Syringodium occurred in the moderate depths (Dawes et al. 2004). In
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addition, Halodule often grew in the deep edge of the seagrass bed (Dawes et al. 2004). The
mean percent coverage was presented in Figure 3.

Figure 3. Spatial distribution of seagrass species Halodule, Thalassia, and Syringodium as
(n=276) during the 2006-2010 field survey (Burnes et al. 2011, Meyer and Levy 2008).
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Preliminary examination of the spatial data found the generalizations of Dawes et al.
(2004) to hold true with slight variations. While seagrass species were distributed throughout
the geographic extent of the study area, there was a clear species zonation occurring. Halodule
inhabited the intertidal, shallow, and deep waters with the highest percent coverage along the
nearshore zone of the southern area of the mainland and in the protected back bays of the barrier
islands. Thalassia occurred in the shallow to moderate depths and in the low energy back bays
of the barrier islands. The highest percent coverage for Thalassia appeared in the northeast
region of the study area. The frequency and abundance of Thalassia suggested a decreasing
spatial trend from North to South. This trend may be correlated with the changes in water
quality. Syringodium occurred in the shallow, moderate, and deep waters in moderate energy
zones. The highest percent coverage for Syringodium appeared in the moderate to deep waters of
STJS. Factors such as physiology, growth characteristics, including water depth and salinity
gradients may contribute to the spatial distribution of the seagrass beds (Robbins and Bell 2000,
Lirman and Cropper 2003).

2.5 CONCLUSION
This study successfully determined the species composition and spatial distribution of the
seagrass resource to gain an understanding of the biogeography of study area and support further
examination of potential spatial relationships between seagrass and water quality metrics. The
species composition of the seagrass resource was determined by analyzing the frequency of each
species in both monospecific and mixed beds. The spatial distribution of the seagrass species
was assessed from creating maps of the mean abundance of the species for each transect.
Overall, the sampling method used in this study provided adequate information and spatial
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resolution to determine the species composition and spatial distribution of the three main
seagrass in the study area. By redistributing the sampling effort to stratified random transects,
some of the fine-scale information was sacrificed; however, characterization of the resource
throughout the geographic extent of the study area was possible. Understanding the species
composition and spatial distribution is essential to developing a comprehensive characterization
of the seagrass resource.
The increased geographic extent of the program provided an opportunity to characterize a
greater portion of the resource, in turn, expanding the existing knowledge base. Prior to this
study, the species composition, abundance, and extent of the seagrass in STJS and CLWN was
unknown. This study provided a characterization of the seagrass and contributed to
understanding the biogeography of the resource. Additionally, the spatial distribution of seagrass
in STJS was assumed to be limited to the two meter depth contour, similar to the Tampa Bay
ecosystem. Findings from this study indicated that the seagrass resource extends into water
depths of 3 m – 4 m. This extent has not been represented in the previous monitoring or
mapping studies for the area. Interesting spatial trends arose during the analyses such as the
decreasing frequency and spatial distribution of Syringodium from North to South. Additional
analysis and examination of the spatial correlation between physical and biological parameters
may help explain the variation of the seagrass resource.
Designed to provide mesoscale information, the linkage of this study to the macro-scale
research including the delineation of the spatial extent of the seagrass resource using satellite
remote sensing imagery would enhance the comprehensive understanding of the resource. In
conjunction with field survey monitoring, remote sensing maps may provide a better
understanding of the extent of spatial and temporal trends in the seagrass resource based on their
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synoptic and frequent characteristics (Mumby et al. 1999). The information from this study has
been used as validation data in recent publications applying remote sensing techniques to map
the seagrass resource (Meyer 2008, Meyer and Pu 2012, Pu et al. 2012, Zhao et al. 2013, Pu and
Bell 2013).
Combining the results of the mesoscale sampling with the current satellite remote sensing
imagery analysis would further enhance the spatial information for the resource. The overall
biogeography of the resource was the baseline for assessing and modeling the ecological
changes. Environmental factors including both natural and anthropogenic stressors may drive
changes in the ecosystem adding complexity to the intricate dynamics of the marine ecosystem.
These interacting environmental issues present a challenge for resource managers to develop
strategies to protect and sustain the quality of the seagrass ecosystem.
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CHAPTER 3. MAPPING SEAGRASS RESOURCES FROM
SATELLITE REMOTE SENSING IMAGERY
Note to Reader
Portions of this chapter have been previously published in Environmental Monitoring and
Assessment, 2012, 184, 1131-43, and have been reproduced with permission from Springer.

3.1 ABSTRACT
The seagrass resource is an essential component of the marine ecosystem. The
management of this resource requires comprehensive maps to supplement the seagrass
monitoring information. This study used satellite remote sensing imagery, Landsat 5 Thematic
Mapper (TM) and Earth Observing-1 (EO-1) Hyperion, to map the geographic extent of the
seagrass resource in the study area in a nearshore shallow coastal area of Pinellas County, FL,
USA. A maximum likelihood classification (MLC) was used to classify both TM and HYP
imagery into three classes (seagrass estimated coverage) of the seagrass resource. The overall
accuracy for the TM MLC classification result was 91% (kappa = 0.85) and the Hyperion was
95% (kappa = 0.92). Due to some cloud cover in the Hyperion image, it was necessary to
composite the classification results from the TM MLC classification map to determine these
cloud cover areas. The validation accuracy (n=72) of the composite seagrass resource map
(SGRM) was 81%. These results supported the application of remote sensing methods to
analyze the spatial extent of the seagrass resource.
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3.2 INTRODUCTION
Managing the seagrass resource requires information on the biogeography. Most
seagrass monitoring programs focus on field survey data collection. Unfortunately, these
programs rarely provide reliable information on the geographic extent of the resource. Remote
sensing methods offer an alternative for developing resource maps with the use of satellite
imagery and information from the field survey monitoring programs.

3.2.1 SEAGRASS MONITORING
The current seagrass monitoring strategies are limited by either the spatial or temporal
scale of the data which prevents the development of a comprehensive resource trend analysis
with appropriate statistical power (Kirkman 1996). For example, in a study in comparison to the
associated data limitations, Mumby et al. (1999) considered the cost effectiveness of various
seagrass monitoring programs. The field survey methods provide highly detailed information;
however, the data are restricted by spatial and temporal scales preventing extrapolation across
the entire resource. The monitoring programs relying on aerial photointerpretation improve the
geographic extent of the monitoring. Unfortunately, the high cost of the imagery collection and
the time required for collecting the aerial photographs and extracting useful information from the
imagery limit the temporal scale of the programs (Kaufman 2011b). Therefore, the integration of
satellite remote sensing studies may enhance the spatial and temporal scales of the seagrass
monitoring programs (Mumby et al. 1999). Developing a reliable method to assess the
geographic extent and health of the seagrass ecosystem is imperative for the creation of effective
management strategies and regulations to protect the resource.
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As previously summarized (section 2.2.2), various techniques were used to assess and
monitor the spatial and temporal changes of the seagrass resource. These methods focused on
field survey transects which provided highly detailed information on the seagrass species,
condition, abundance, and biomass; however, the data was restricted on the spatial and temporal
scale preventing extrapolation across the entire resource. The mesoscale field survey design
(Chapter 2) was an alternative to the traditional fixed transect programs which improved the
spatial scale of the data and ability to extrapolate the information to assess the state of the
seagrass resource through the integration of remote sensing methods.
To assess the geographic extent of the seagrass resource, researchers use aerial
photography for developing habitat maps (Kaufman and Heyl 2009). Historical aerial
photography provides coarse baselines for the seagrass resource extent making it possible to
compare the current geographic extent of the seagrass beds to the previous state. The analysis of
digital aerial photography supplies seagrass acreage maps to track the spatial and temporal trends
for resource management (Kaufman and Heyl 2009). Due to the resolution of the images,
typically ranging from 1 meter to 10 meters (Jensen 2005), the seagrass is rarely delineated from
the other aquatic vegetation such as rhizophytic algae. Thus, the mapping category includes all of
the submerged aquatic vegetation (SAV) which this study referred to as the seagrass resource.
Variables such as water clarity and depth can have interfered with the ability of the photointerpreters to accurately delineate the SAV (Kaufman and Heyl 2009).

3.2.2 APPLICATION OF REMOTE SENSING
Coastal managers require reliable data to protect and manage ecosystems (Mumby and
Harborne 1999). Ecological management traditionally relies on small sample designs and
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extrapolation of results to larger areas. This practice tends to ignore the spatial dimension and
connectivity of ecosystems (Schmidt and Skidmore 2003). Detailed habitat maps can aid in the
assessment and monitoring of changes within the seagrass meadows. Seagrass biomass responds
quickly to environmental disturbances and alterations (Short and Coles 2001). Usually, these
changes are large enough for detection by remote sensing techniques (Chauvaud et al. 1998,
Dekker, Brando and Anstee 2005, Gullström et al. 2006). In conjunction with field survey
monitoring program, remote sensing image data provide a better understanding of the extent of
spatial and temporal trends in the seagrass resource based on their synoptic and frequent
characteristics (e.g., (Dekker et al. 2005, Schweizer, Armstrong and Posada 2005, Gullström et
al. 2006).
Remote sensing provides an alternative to the traditional boat or land based surveys
required to assess an entire seagrass habitat (Dekker et al. 2005). Recent studies show that
remote sensing is applicable for characterizing aquatic vegetation and benthic habitats due to the
various spectral properties for each bottom type (Schweizer et al. 2005). For example, in a study
classifying the benthic habitat of a shallow estuarine lake, Dekker et al. (2005) addressed five
components of the multispectral imagery analysis. The study considered the water and substrate
spectral characterization, seagrass and macroalgae spectral characterization, and satellite imagery
quality, finally resulting in the benthic substrate classification. Dekker et al. (2005) used the
Landsat 5 TM and SPOT multispectral sensor (XS) to map the habitat in a shallow lake. They
used the supervised classification of 14 bottom types and achieved overall 76% thematic
accuracy. The study demonstrated a better discrimination for benthic vegetation from the
Landsat 5 TM data. Andrefouet et al. (2003) applied IKONOS data classification to ten sites
throughout the world. Using 4 m resolution IKONOS imagery, they classified the tropical coral
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reef environment. The overall thematic accuracy ranged from 40-90% depending on the coarsefine scale habitat delineation. In addition, Andrefouet et al. (2003) compared the Landsat with
IKONOS classification to the number of classes and found that the IKONOS imagery was more
accurate as the number of classes increases. Schweizer et al. (2005) applied Landsat 7 ETM+
data to map the bottom types in Los Roques Archipelago National Park. They used the
supervised classification to determine eight bottom type classes with a 74% overall thematic
accuracy for mainly homogeneous bottom type areas. In a similar application, Pasqualini et al
(2005) used SPOT 5 satellite imagery to map seagrass beds (Posidonia oceanica) in the
Mediterranean Sea. Using 2.5 m and 10 m resolution data, they achieved 80-83% thematic
accuracy for the classification of four habitat types in water depths of 0-10 m. In addition to
comparing SPOT, Landsat TM, and IKONOS imagery, Fyfe (2003) and Mumby and Edwards
(2002) applied the CASI (compact airborne spectrograph imager) to estimate the seagrass
standing crop, and map the subtidal and littoral seagrass communities. They examined the
thematic accuracy of imagery classification at a coarse, medium, fine scale resolution. The
IKONOS satellite imagery achieved a 64% overall accuracy while the SPOT and Landsat TM
imagery suffered on the fine scale classification dropping to 50% overall thematic accuracy. The
CASI hyperspectral imagery achieved 81% overall thematic accuracy for the 13 habitat types
(Mumby and Edwards 2002).
In addition, researchers have investigated the variation of spectral signatures between
SAV species to explore the potential use of remote sensing data to map and characterize SAV.
For example, Fyfe (2003) investigated the spectral reflectance of individual seagrass species and
determined that seagrass species are indeed spectrally distinct. The study included the
considerations of epiphytic coverage, and spatial and temporal variability in the reflectance
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determination of each species, and recorded strong and consistent differences in spectral
reflectance between species. Thorhaug et al. (2007) examined three seagrass species and five
marine algae to determine the difference in spectral signatures. The seagrass species, Thalassia
testudinum, Halodule wrightii, and Syringodium filiforme, shared a similar spectral signature for
the curve; however, they differed in the height of the curve peak. Thorhaug et al. (2007) also
found significant differences between the seagrass and marine algae spectral signature. The
potential for refining seagrass habitat maps to a species composition level seems possible with
the application of remote sensing technologies.
Combined with the mesoscale seagrass monitoring information (Chapter 2), this analysis
of satellite imagery can map the spatial extent of the seagrass resource. The resultant seagrass
resource map (SGRM) would provide a basis for further analysis of seagrass habitat suitability
models and vulnerability evaluations.

3.2.3 RESEARCH FOCUS
This study aimed to develop a resource map for the geographic extent of the seagrass in
St. Joseph Sound (STJS) and Clearwater Harbor North (CLWN). The satellite remote sensing
imagery, Landsat 5 TM (TM) and EO-1 Hyperion (HYP), and seagrass mesoscale field survey
data (Chapter 2) were used to develop the SGRM. The resulting map was intended to validate
the habitat suitability model developed in Chapter 4.
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3.3 METHODS

3.3.1 DATA
The remote sensing satellite imagery included TM and HYP images (Figure 4). The TM
image was acquired on October 4, 2010. The HYP image was acquired on September 29, 2010.
For the TM image, the visible bands (1-3) were used to map the seagrass resource. For the
HYP, 22 bands were selected in the visible range (bands 4-18 and 21-27) based on the methods
of previous studies (Pu and Bell 2013, Pu et al. 2012). Using the visible bands from both the TM
and HYP images allowed for comparison and composites of the resulting MLC maps. The
spatial resolution for both the TM and HYP image was 30 m.
The seagrass mesoscale field survey data collected in conjunction with Pinellas County
Watershed Management Division (Meyer and Levy 2008), described in Chapter 2, was used to
supervise the TM and HYP classifications. This dataset included transect information collected
from 2006-2010 in STJS and CLWN. In total, 276 sites were sampled with 185 sites in STJS
and 91 sites in CLWN (Table 1). Of these sites, the 58 samples (STJS 41 sites, CLWN 17 sites)
from 2010 were utilized for the development of the training and test data. The sites were
sampled during the Fall each year (September, October, and November). The data from each
transect was summarized into a mean percent coverage of seagrass and represented as a
geographic point.
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Figure 4. Color composite image of the (A) EO-1 Hyperion image (bands red-HYP22,
green- HYP13, blue-HYP4) enhanced at Linear 5% and the (B) Landsat 5 TM image
(bands red-TM3, green- TM2, and blue- TM1) enhanced at stretch 10% for the study area
in STJS and CLWN.
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3.3.2 IMAGE CLASSIFICATION
The following methods are based on previous research (Meyer 2008, Meyer and Pu 2012,
Pu et al. 2012) to conduct a 3-class classification with TM, and HYP satellite imagery.
Additional research (Zhao et al. 2013) improved satellite image quality by applying two image
preprocessing techniques: a Vertical Radiation Correction (VRadCorr) for destripe and Spectral
Recognition Spatial Smooth Hyperspectral Filter (SRSSHF) for denoise modified for use in the
shallow coastal waters. The resultant maps were validated using seagrass mesoscale field survey
data (Meyer and Levy 2008, Burnes et al. 2011).
Imagery Preprocessing
Several preprocessing steps were conducted to improve the imagery. Two optimization
algorithms developed by Zhao et al. (2013) were applied to denoise and destripe the images.
The spectral recognition spatial smooth hyperspectral filter (SRSSHF) was modified by Zhao et
al. (2013) for use in shallow coastal waters, and was applied to denoise the Hyperion data.
Application of SRSSHF a special adaptive filter model that compresses the noise by using both
spectral and spatial features was effective for denoising for inner patch areas while retaining (or
enhancing) subtle edges between different patches. The vertical radiance correction (VRadCor)
was applied to destripe the Hyperion image. The VRadCor compresses the cross-track radiance
abnormity addressing both the along-track cambering effect with low-frequency and the stripe
effect with high frequency by estimating both the additive and the multiplicative correction
factors. The use of VRadCor and SRSSHF significantly improved the quality of images of
coastal waters and retained the spectral features of water/submerged aquatic vegetation (Zhao et
al. 2013).
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After applying the optimization algorithms, the Fast Line-of-sight Atmospheric Analysis
of Spectral Hypercubes (FLAASH), an atmospheric correction module implemented in ENVI
(ENVI 2004) was used to calibrate the at-sensor radiance data to at-water surface reflectance.
FLAASH is a first-principle atmospheric correction modeling tool for retrieving spectral
reflectance from hyperspectral radiance images and the FLAASH is also appropriate for
calibrating multispectral imagery. The FLAASH module incorporates the MODTRAN4
radiation transfer code. For any of the standard MODTRAN models, atmosphere and aerosol
types may be chosen to represent the scene, and a unique MODTRAN solution is computed for
each image. In this study, input parameters for the FLAASH module may be referred to use after
modification: Tropical atmosphere model, maritime aerosol model, atmosphere water vapor of
3.3 g/cm2 for TM and 3.1 g/cm2 for HYP, and visibility of 46 km for TM and 23 km for HYP.
As a result, all 6 TM bands (TM 1-5, and 7) and 220 HYP bands were converted to at-sea surface
reflectance in the study area. Due to strong absorption of seawater and the reasons addressed
above (section 3.3.2), only visible bands (3 for TM and 22 for HYP) were used to map the
seagrass resource into three classes.
Both the TM and HYP images were in the L1G format and did not require geometric
corrections. However, it was necessary to apply an image registration to the Hyperion image to
slightly warp it to geographically line up with the TM image. In order to focus on the features in
the water, the land features were masked out using a near infrared band (TM4) for the TM
image. The mask for the Hyperion image used band 35 (772 nm).
Imagery Classification
Initially, an unsupervised ISODATA classification was conducted to examine the spectral
clusters throughout the study area. The clustered results from the ISODATA classification were
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considered while determining the training and test regions of interest (ROIs) from the seagrass
field survey data (n=58) for each sensor. The seagrass field survey data provided a mean percent
coverage of seagrass and the ISODATA clustered results identify spectrally homogeneous areas
(Pu et al. 2012). The ROIs were used in the subsequent supervised classification. To evaluate
the ability to map seagrass habitat from the TM and HYP sensors, the standard accuracy
indicators overall accuracy (OA) and Kappa, Producer’s and User’s accuracy (Congalton and
Mead 1983, Congalton, Oderwald and Mead 1983) were examined. The test ROIs were used in
these calculations.
In this study, the MLC was applied to classify seagrass habitats from the TM and HYP
images. Using the training and test ROIs, the 3-class classification schemes representing
different categories of percent coverage of seagrass (%SAV) and inputs of corresponding visible
band at-water surface reflectance, the MLC in ENVI 5.0 (ITT 2012) was used to map different
classes of seagrass cover abundance. The three classes included “No Seagrass” (0-25% mean
coverage), “Patchy” (25-75% mean coverage) and “Continuous” (75-100% mean coverage). An
assessment of the classification results was conducted for the sensors using the accuracy
indicators, OA, Kappa and Producer’s and User’s accuracies. In addition, a confusion matrix
was calculated for the MLC classification results in ENVI 5.0 Classic (ITT 2012) based on the
test ROIs.
To finalize the seagrass resource map, two post-processing steps were necessary to refine
the map and address small cloud coverage areas in the HYP MLC classification map. The
resultant TM and HYP MLC maps were post-processed with the sieve classes tool to clump a
minimum of six pixels (ENVI 5.0) and exported in tif format and converted to grid rasters for
further analysis. The compilation and spatial display of the seagrass resource map was
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completed with GIS software, ESRI® ArcMap 10.0. In the HYP image, several small areas of
STJS were obstructed from classification by cloud cover. To accurately map these areas, it was
necessary to composite the TM and HYP MLC maps to replace the values of the cloud cover
pixels from the HYP with the TM MLC classification map values. The Spatial Analyst
extension in ESRI® ArcMap 10.0 was used to reclassify the rasters and merge the MLC
classification maps with the raster calculator. The resulting seagrass resource map was then
checked for accuracy against an independent seagrass dataset (n=72) derived from the Pinellas
County Ambient Water Quality Monitoring Program field survey data for 2010 (Levy et al.
2011).

3.4 RESULTS AND DISCUSSION
The unsupervised ISODATA classification clustered the pixels into 11 categories (Figure
5). The categories were then used to find homogeneous clusters of pixels coinciding with
seagrass field survey sites to develop the training and test ROIs. The unclassified areas also
contain the cloud cover in STJS.
Due to the obstructed areas of cloud cover in the HYP image, it was necessary to
composite the values from the TM MLC result to replace the unclassified values in the HYP
MLC map. The composite seagrass resource map (Figure 6) was validated with the independent
seagrass field survey data for 2010 (n=72), and had an 81% accuracy with a 14% commission
error and 3% omission error for seagrass. In comparison to our previous research (Meyer and Pu
2012), the validation accuracy (n=144) of the TM MLC result was 70%. It was apparent that the
current study produced a higher accuracy (increasing 11%) SGRM than the previous study
(Meyer and Pu 2012) by applying the image preprocessing techniques (Zhao et al. 2013).
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Figure 5. Unsupervised ISODATA classification of the seagrass resource with pixels
grouped into 11 categories and assigned to Continuous, Patchy, and No Seagrass areas for
the HYP image.
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Figure 6. Seagrass Resource Map composite from TM and HYP MLC maps to delineate
the 3-classes of Continuous, Patchy, and No Seagrass areas.
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The areas for the 3-classes were calculated from the composite resource map (Table 5).
The seagrass areas included the “Patchy” (23 km2) and the “Continuous” (40 km2) resulting in a
total of 63 km2 of seagrass. Based on the spatial correlation with the seagrass field survey data
(Chapter 2), the patchy areas had less above ground biomass and shoot density than the
continuous areas.

Table 5. Area (km2) of seagrass delineated from the composite TM and HYP MLC
resource map for the 3-classes.
Area (km2)
Continuous
Patchy
No Seagrass

40
23
21

Unclassified

5

In comparison to the estimated seagrass acreage from the Southwest Florida Water
Management District (SWFWMD) aerial photointerpretation (AP) maps, the composite MLC
SGRM mapped 6 km2 less seagrass than the 2010 AP seagrass maps (Kaufman 2011b).
However, this could easily be explained by the differences between the raster and vector file
formats or by the 5 km2 of unclassified area in the composite MLC map. For this study, the
ROIs for the Patchy class were based on 25-75% seagrass coverage which differs from the
definition by SWFWMD (2009). In addition, the SWFWMD AP map delineates the navigation
channels as no seagrass areas. Most of these channels are not greater than 30 m in diameter and
thus, not within the resolution of the TM or HYP images. The 6 km2 error is within the accuracy
assumptions of the produced resource map.
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3.5 CONCLUSION
The SGRM developed from the composite of the TM and HYP MLC classification maps
was improved from our previous studies. The application of the VRadCor and SRSSHF
algorithms increased the accuracy of the classification maps by improving the satellite image
quality. In addition the combination of the seagrass survey data and spectrally homogeneous
areas clustered by the ISODATA refined the training and test ROIs also contributed to the
improved accuracy. While the HYP sensor produced the better mapping accuracy, the TM
sensor was valuable to provide information for the obstructed pixels in the HYP from cloud
cover. It should be noted that the actual clouds in the images were not difficult to identify with
the spectral reflectance; however, the shadows of the clouds shared spectral qualities similar to
the areas with continuous seagrass. For this study, the clouds and shadows occurred in areas
within the continuous seagrass, but this could present an additional challenge if the cloud
shadows were over areas without seagrass providing a false positive signal. Overall, the satellite
remote sensing imagery provided a reliable SGRM to be applied towards seagrass resource
management efforts.
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CHAPTER 4. DEVELOPING SPATIAL HABITAT SUITABILITY
MAP FOR THE SEAGRASS RESOURCE
4.1 ABSTRACT
The development of a spatial habitat suitability model (HSM) for the seagrass resource
provided a management tool to better understand the relationship between seagrass, water
quality, and other environmental factors. Knowledge of these relationships was essential to
develop a predictive spatial HSM to simulate responses of the seagrass to changes in the water
quality. High resolution bathymetry and field survey water quality data were used to fit general
additive models (GAM) to the St. Joseph Sound (STJS) (adjusted R2= 0.72, n=134) and
Clearwater Harbor North (CLWN) (Adjusted R2= 0.75, n=138) seagrass resource. The GAMs
included water quality variables consisting of salinity, chlorophyll-a concentration, total
suspended solids, turbidity, and light. The only significant variable was the light metric in STJS
(p-value= 0.001) and CLWN (p-value= 0.006). The light metric was the logarithmic light
attenuation calculated from the field survey transmittance data and the high resolution
bathymetry map. The overall accuracy (OA) of the predictive GAM rasters was higher in
CLWN (95%, kappa =0.88) than that in STJS (82%, kappa = 0.40). The increased prediction
error in STJS was spatially correlated with the areas of lower density seagrass along the deep
edge of the bed. While there may be a plethora of factors contributing to the decreased density
of the seagrass, these seagrass may already be living at the edge of the suitable habitat. The
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motivation to develop the spatial HSM was to provide a spatial modeling tool to simulate
changes in the water quality environment and evaluate the potential impact on the seagrass
resource.

4.2 INTRODUCTION
In order to contemplate modeling the seagrass resource, an understanding of the
environmental conditions and stressors of the seagrass must be considered. Conditions for water
quality and requirements for light for seagrass suitable habitat were considered in selecting an
appropriate modeling approach.

4.2.1 WATER QUALITY REQUIREMENTS
The specific relationships between water quality metrics and seagrass vary based on the
ecosystem, location, and influence of other natural and anthropogenic features and stressors
(Dennison et al. 1993). The literature provides observed and suggested relationships and optimal
conditions for seagrass; however, these may vary between study sites. Short and Coles (2001)
suggested the physical controls on seagrass distribution including light, water depth, tide and
water movement, salinity, and temperature. In addition, anthropogenic impacts and climate
change may influence seagrass distributions throughout the world (Short and Coles 2001).
Anthropogenic eutrophication, changes in water quality, have been linked to decreases in
seagrass distribution in many areas (Burkholder, Tomasko and Touchette 2007, Cardoso et al.
2010, Carruthers, van Tussenbroek and Dennison 2005, Ferdie and Fourqurean 2004,
Fourqurean et al. 1995, Houk and Camacho 2010, Krause-Jensen et al. 2008, Lapointe et al.
1994, Orth et al. 2010).
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The relationships between water quality metrics and seagrass have been presented in
several studies in Florida for Thalassia and Halodule. Investigating the geospatial properties of
the seagrass resource in Biscayne Bay, Lirman et al. (2008) assessed the seasonal distribution
changes in the seagrass species (Thalassia testudinum, Halodule wrightii, and Ruppia maritime)
based on the fluctuating salinity regimes. The results revealed a correlation between changes in
seagrass spatial distribution and salinity properties (Lirman et al. 2008) and related these changes
to the impacts of watershed management practices. While not identified as the driving factor for
seagrass spatial distribution patterns, the salinity fluctuations compiled with additional
environmental factors such as temperature, nutrients, and available light may strongly influence
the geospatial properties of the resource. In the development of our model, the impacts of
salinity fluctuations and optimal ranges of environmental variables for the seagrass species were
considered.
Fourqurean et al. (2003) further examined the relationships between water quality
parameters and seagrass to forecast the response of seagrass distributions to water quality
variation at 28 site locations throughout Florida Bay. Focusing on the variability of salinity,
available light in the water column, depth, and nutrient concentrations, the researchers developed
a discriminant function model which assigned a benthic habitat type based on the probability
from the combination of the water quality values. Using these relationships, the study suggested
change in seagrass habitat could occur if humans alter the volume of freshwater entering the
system. Based on the model simulations to change the volume of freshwater input to the system,
the researchers varied the salinity metric which predicted a change in the benthic habitat by an
expansion of the Ruppia maritime and Halodule wrightii in the study area and a decrease in the
Thalassia testudinum dominated habitats.
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4.2.3 LIGHT REQUIREMENTS
Seagrass are angiosperms specialized for living in marine environments and require light
for photosynthesis (Larkum, Orth and Duarte 2010). The light extinction depth, maximum depth
with enough available light to sustain seagrass growth, and in turn, photosynthesis, is also known
as the “compensation depth” (Short and Coles 2001). As light passes through the water column,
it is attenuated based on the inherent optical properties(Gallegos 2001). The available light at
depth for the seagrass is affected by the physical properties of the water including anthropogenic
and natural alterations of the environment (Ralph et al. 2007). Ralph et al. (2007) provided a
general conceptual model of light reduction and the impacts on seagrass concerning
anthropogenic modifications of the environment depicting the potential effects on the light
extinction depths by providing a review of recent literature. The study focused particularly on
the anthropogenic reductions in water transparency linked to terrestrial run-off, eutrophication,
resuspension of sediments from dredging activities, and changes in climate (Ralph et al. 2007).
While seagrass may adapt and acclimate to the changing environment, remaining within the
optimal ranges for the light availability is essential to the productivity and resilience of the
seagrass resource.
The literature provided observed and suggested relationships and optimal conditions for
several seagrass species in different locations. However, these relationships vary between
seagrass species and study sites (Dennison et al. 1993, Abal and Dennison 1996, Abal et al.
1994, Anastasiou 2009, Burd and Dunton 2001, Gallegos and Kenworthy 1996). Seagrasses
(Thalassia, Halodule, and Syringodium) utilize light, especially blue and red wavelengths
(Anastasiou 2009, Zimmerman 2003). In general, light requirements for seagrass have been
identified as 10-20% of surface light (Duarte 1991); however, these requirements vary between
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seagrass species and locations. In areas of Florida, such as the Indian River Lagoon and Florida
Bay, the seagrass light requirements varied between 20-40% (Dennison et al. 1993, Fourqurean
et al. 2003, Gallegos and Kenworthy 1996). Dennison et al. (1993) also provided the light
attenuation coefficients for several species. In Florida, the Halodule light attenuation coefficient
was 0.93/ m, Thalassia was 0.25/ m, and Syringodium was recorded as 0.25/ m and 0.93/ m in
separate studies (Dennison et al. 1993). Losses of seagrass acreage due to reductions in available
light have been documented in many studies including (Dennison et al. 1993, Short and WyllieEcheverria 1996, Ralph et al. 2006)
The ecosystem health assessment for Maryland used habitat indicators to determine the
suitability of the area for Zostera marinus growth (Wazniak et al. 2005, Dennison et al. 1993).
The criteria included chlorophyll-a < 15 ug/L, dissolved inorganic nitrogen < 0.15 mg/L,
dissolved inorganic phosphorus < 0.02 mg/L, and secchi depth > 0.966 m or visible on the
bottom greater than 40% of the observations (Wazniak et al. 2005).

4.2.4 MODELING THE SEAGRASS RESOURCE
The development of dynamic ecosystem models for the seagrass resource provides
information on the relationships and effects of natural and anthropogenic stressors on the
seagrass resource. Typically, modeling frameworks for the seagrass resource focus on water
quality, substrate, physical oceanographic parameters, and/or light availability. Two popular
modeling frameworks are optical models focusing on the available light requirements of the
seagrass, and ecosystem or habitat models including water quality, light, and additional physical
environmental variables.
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Over the past two decades, several optical models have been developed to determine the
amount and quality of light extending to depths occupied by seagrass. Gallegos (2001)
developed a bio-optical model of light penetration in the Chesapeake Bay which determined that
the 22% of surface photosynthetic active radiation (PAR) requirement for seagrass occurred at
the same depth as the penetration of 16% of surface photosynthetically useable radiation (PUR).
Gallegos (2001) determined that the penetration of PUR was more sensitive to concentrations of
chlorophyll than PAR. By basing light requirements on PUR, Gallegos (2001) better predicted
the potential increases in seagrass distribution from chlorophyll reduction, and greater seagrass
losses from chlorophyll increases. A local example of an optical model to predict seagrass
growth was developed to investigate the lack of seagrass in Feather Sound in Tampa Bay,
Florida (Cross 2007). This optical model based on Gallegos’ (2001) bio-optical model
concentrated on developing a relationship between depth, water clarity, and light attenuation.
With high resolution Lidar bathymetry data, the optical model concluded that the light
availability in Feather Sound was adequate to support seagrass growth. However, very little
seagrass actually grows in this area. Regardless of the strong correlations reported between light
availability and seagrass (Dennison et al. 1993, Dixon and Leverone 1995, Gallegos et al. 2009),
the study (Cross, 2007) indicated that other factors must be operating to limit seagrass growth in
the Feather Sound area of Tampa Bay.
One limitation of the Cross (2007) study was the lack of reliable PAR data in the shallow
areas (<1m) which characterized the study site. Instead, the researchers developed a method to
use transmittance as a proxy for light attenuation (Anastasiou et al. 2007, Cross 2007).
However, researchers cautioned that use of the absorption spectrum could overestimate the
utilization of some “non-photosynthetic” wavelengths (Dennison et al. 2007, Cross 2007).
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Previously, Barnard et al. (1999) examined the relationship between transmittance and PAR
across a range of wavelengths and showed that the best correlation was observed at 490 nm.
Barnard et al. (1999) developed a model which was effective for estimating light attenuation for
transmittance at wavelengths of 412, 444, 533, 556, 590 and 670 nm. In relation to the current
study, the use of transmittance (660 nm) as a light metric for seagrass was essential as it was the
only available light metric data with spatial coverage throughout the study area.
Overall, bio-optical models appear useful for determining the minimum light criteria
necessary to support seagrass. While light availability is essential for seagrass, the use of only
optical models to determine seagrass distribution may not provide a comprehensive
understanding of the resource dynamics, as demonstrated by the Feather Sound study (Cross
2007). The inclusion of other physical environmental parameters (Bekkby et al. 2009, Bekkby et
al. 2008, Phinn et al. 2005) with the optical model should provide a more comprehensive
ecological approach.
Researchers have developed models to represent additional important ecological
parameters for species to define suitable habitat areas. Often referred to as Habitat Suitability
Models (HSM) or Indexes (HSI), these ecosystem models are spatial models commonly created
using geoscience technologies, and provide resource managers with ecosystem information
relative to a particular species. The development of an HSM for the seagrass resource integrates
water quality and light requirements to determine the suitable areas for seagrass to exist.
Several modeling methods have been used to develop habitat suitability maps or
predictive distribution maps for marine habitats. For example, Bayesian belief networks were
applied to create ecosystem scale predictive maps for the seagrass resource of the Great Barrier
Reef (Grech and Coles 2010). Their model considered six predictor variables including
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bathymetry, substrate, sea surface temperature, tidal range, spatial extent of flood plumes, and
relative wave exposure, and then determined the probability for seagrass presence based on these
interacting variables.
Models used to predict seagrass and habitat suitability widely range in levels of
complexity. Van der Heide et al. (2009) predicted seagrass habitat suitability for Zostera marina
and Zostera noltii in western Europe based on 26 environmental variables. Using logistic
regression and multivariate modeling, they concluded that light attenuation, tidal location, and
sediment pore-water reduction oxidation accounted for predicting 77% of the Zostera marina
and 86% of the Zostera noltii distribution. The most important variables influencing the seagrass
vary greatly based on species, location, and environmental stressors (Orth et al. 2006).
Fong et al. (1997) developed a model comparable to the ecosystem unit of the Coastal
Ecological Landscape Spatial Simulation Model developed by Costanza et al. (1990). The
variables consisted of macroalgae, associated epiphytes, and three seagrass species, Thalassia,
Halodule, and Syringodium. The model examined the productivity of each species of seagrass,
as directly influenced by salinity, temperature, light, and sediment phosphorus concentrations.
The results indicated that in low-nutrient conditions temperature, light, and salinity were the
driving factors to predict seagrass and epiphyte biomass. The model adequately predicted
temporal changes in seagrass community structure based on the environmental factors. The
model predictions suggested that significant changes in the seagrass communities would occur
from increasing freshwater influence, and the addition of nutrients into the system. In
conjunction with a hydrological model, this model could be used to estimate the water quality
necessary to restore the seagrass resource.
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Mazzotti et al. (2007) developed a habitat suitability index (HSI) for Thalassia testudinum
and Halodule wrightii in Caloosahatchee Estuary in Florida which evaluated spatial and temporal
stressor variables of light, salinity, temperature, and nutrients, and incorporated them into a GIS to
add in management and policy decisions. The study established a protocol and framework for
analyzing the HSI and integrating the method into resource management activities. Ideally, a product
of our current research will also establish a usable framework for the resource managers to apply to
consider future impacts of changing environmental factors on seagrass.
In a study in Biscayne Bay, Florida, Santos and Lirman (2012) developed species specific
habitat suitability maps for Thalassia testudinum and Halodule wrightii with the ecological niche
factor analysis and BioMapper. The model variables included light, depth, salinity, and temperature
collected at approximately 900 sites from 2008-2009 wet seasons using a stratified random sampling
design. They found the salinity variable was a key factor in determining the suitable habitat related
to the freshwater inflow. The Thalassia was associated with stable higher salinity and the Halodule
with lower salinity.
Similar to the approach used in our current research, Bekkby et al. (2009) applied a

predictive general additive model (GAM) to determine the spatial distribution of a kelp species
(Laminaria hyperborean) in Norway. The researchers found the most influential factors for
predicting the presence/absence of the kelp species were depth, terrain curvature, and wave and
light exposure.
While ecological models provide valuable insight into the suitable habitat criteria,
limitations also exist. As with most models, the increase of input variables results in increased
colinearity, complexity, and error propagation. Fong et al. (1997) investigated some of these
issues through a model sensitivity analysis of the predictive variables. It is often difficult to
provide definitive relationships between the intertwining environmental factors and the species
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of interest. Adding the spatial aspect to ecological models enhances the understanding of the
species distribution; however, it introduces further errors associated with the spatial
representation and interpolation of data. It must be recognized that each variable, such as those
for water quality, may vary at different spatial and temporal resolutions(Meyer 2006). For
example, Chlorophyll-a concentrations in Tampa Bay were found to vary greatly within 48 hours
after a rain event and proved difficult to interpolate on an annual basis due to these fluctuations
(Meyer 2006). Regarding the light requirements for Thalassia in Tampa Bay, FL, Dixon and
Leverone (1995) observed the incident light over a 12-month period to determine the mean light
necessary for the seagrass. This approach provided a baseline light requirement accounting for
the temporal fluctuations. The issues for spatial and temporal fluctuation in water quality
variables should be addressed in the ecological model and considered when analyzing the impact
on the species of interest.

4.2.5 RESEARCH FOCUS
This study aimed to develop a spatial habitat suitability model (HSM) for the seagrass
resource in St. Joseph Sound (STJS) and Clearwater Harbor North (CLWN). By examining the
relationships between the seagrass and water quality metrics, a predictive seagrass HSM was
established and resultant maps were used to identify the areas suitable for seagrass. The
predictive seagrass HSM could then be used as a management tool to investigate the response of
the seagrass to potential changes in environmental factors.
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4.3 METHODS
The purpose of this model was to use geospatial techniques to overlay the spatial
information for the seagrass resource with water quality data to determine the current habitat
suitability criteria for the seagrass. The geographic extent of the model includes St. Joseph
Sound (STJS) and Clearwater Harbor North (CLWN) (Figure 1). The temporal extent of the
information includes data from 2006-2010. The process to develop the Habitat Suitability Model
(HSM) included: 1) preparing the seagrass and water quality field survey data 2) creating raster
datasets for bathymetry, transmittance, and light attenuation, and 3) applying a general additive
model (GAM).

4.3.1 DATA SETS
Water Quality and Seagrass Field Survey Data
The seagrass and water quality field survey data were provided by Pinellas County
Department of Environmental Management (Meyer and Levy 2008, Levy et al. 2008, Burnes et
al. 2011, Levy et al. 2011) and can be accessed by contacting Pinellas County or through the
Pinellas County Water Atlas (www.pinellas.wateratlas.usf.edu). A description of the seagrass
monitoring data is provided in Chapter 2).
The water quality data were subset from the Pinellas County Ambient Water Quality
Monitoring Program (Levy et al. 2008, Levy et al. 2011) including 2006-2010. Their sampling
design was based on the Environmental Monitoring and Assessment Program (EMAP) using
hexagonal grids in each stratum (STJS and CLWN) to apply a stratified random sampling
program (Janicki 2003). The size of the hexagons differed for each stratum. The hexagons in
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STJS were 3.35 km2 and 2.25 km2 in CLWN. This caused the strata to be sampled with different
spatial concentration and analyzed as separate strata.

Figure 7. Spatial distribution of water quality sampling sites for STJS and CLWN during
2006-2010 (Levy et al. 2011).
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The samples were collected year-round with 4 sites visited in each stratum during each of
the 9 sampling periods totaling 36 samples per year (Figure 7). Data collected include
transmittance, salinity, pH, chlorophyll-a, turbidity, total suspended solids, PAR, secchi, and
seagrass presence/absence (P/A). The transmittance samples were collected at 0.2 m below the
surface with an amber bottle and processed with a C-star transmissometer with a 10 cm chamber
(WetLabs 2001). The salinity and pH were read at 0.2 m below the surface with a HydroLab ®
multiprobe (Hydrolab 2006). The samples chlorophyll-a, turbidity, and total suspended solids
were collected with a horizontal alpha bottle at 0.2 m below the surface and processed at the
Pinellas County Utilities Laboratory (Levy et al. 2011, Levy et al. 2008).
The PAR data was derived from the light readings collected with the Licor ® sensors.
However, the Licor ® setup required a minimum depth of 1.5 m. This resulted in no PAR data
for the areas less than 1.5 m which was the majority of the study area. Secchi depth was also
recorded at the sites. At 77% of the sites the secchi disk was visible on the bottom. In addition,
the secchi readings relied solely on the quality of the observer’s vision and were quite subjective
between observers. The seagrass P/A was recorded from the anchor grab for each site.
Raster Data Layers
Three raster datasets were developed for bathymetry, transmittance, and light attenuation
derived from the transmittance and bathymetry data. The bathymetry raster was derived from
Lidar data of the Florida Shelf Habitat (FLaSH) Map Project developed by the U.S. Geological
Survey (USGS) (Robbins et al. 2007). The minimal depth limit was 0.1m and the vertical
accuracy standard was 0.5 m for the depths ranging 1m to 25m which encompasses the depth
range of the study area. However, based on comparison with the field survey data, the vertical
accuracy is approximately 0.20 m. The vector point data was surfaced to a triangular irregular
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network (TIN) using the 3D Analyst GIS software, ESRI® ArcMap 10.0. Then TIN was then
converted to a digital elevation model (DEM) with a grid cell size of 30 m. The bathymetry
DEM was then reclassified into 0.2 m depth intervals with the Spatial Analyst GIS software,
ESRI® ArcMap 10.0. The bathymetry raster was validated with a test dataset (n=85) and tested
for correlation with the Paired t-test using SPSS software.
The transmittance raster was developed from data on percent transmittance collected in
the water quality dataset (Levy et al. 2008, Levy et al. 2011). In total, there were 360 water
quality samples. Of these, only 312 were located in the boundary of the study area. Two records
were removed for zero values of transmittance. Ten records were removed for not meeting the
ambient water quality conditions as determined by the field comments. These comments noted
specific turbidity plumes and heavy rain events. Thus, 300 records were available for analysis.
After subsetting 10% of the sites for test data, there were 272 records remaining. The surface of
the transmittance was interpolated using Ordinary Kriging with 5-12 nearest neighbors with the
Geostatistical Analyst GIS software, ESRI® ArcMap 10.0. The subset of the water quality data
was used to test and validate the resulting transmittance surface. The transmittance raster was
validated with a test dataset (n=26) and tested correlation with the Paired t-test using SPSS
software.
The light attenuation raster was derived from the transmittance and bathymetry rasters.
The Spatial Analyst GIS software, in ESRI® ArcMap 10.0 was used to calculate the beam
attenuation coefficient of the transmittance at 660nm (C660) using equation 1 (Anastasiou 2009,
Anastasiou et al. 2007, Cross 2007).
C660 = - ln (percent transmittance)
Bathymetry (m)
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(eq. 1)

The C660 represents a relative amount of light available at the bottom for seagrass
photosynthesis. The raster values for the bathymetry and C660 were appended to the water
quality dataset.

4.3.2 HABITAT SUITABILITY MODEL
The development of the habitat suitability model required the integration and synthesis of
information on seagrass spatial distribution, water quality, and bathymetry information (Figure
8). The values for bathymetry were extracted from the rasters using the point sample tool in the
Spatial Analyst Extension in ArcGIS® (ESRI 2010). Then, the C660 was calculated from these
bathymetry values and the corresponding transmittance values (Eq. 1) from the water quality
dataset. Then, the data was subset for training (90%, n=272) and test (10%, n=26).
The Marine Geospatial Ecological Toolset (MGET) (Roberts et al. 2010) for ESRI®
ArcMap was used to analyze the data and develop the HSM (Figure 8) for each stratum, CLWN
and STJS. Modeling the strata separately was necessary to be consistent with the intent of the
sampling design and the spatial concentration of the sampling sites based on the EMAP design.
However, the resultant HSM for CLWN and STJS were presented in the same map for the ease
of understanding.
The MGET was used to examine the distributions and correlation matrix of the water
quality metrics. Variables with correlation coefficient greater than 0.70 in the matrix were
considered for exclusion. The MGET was then used to fit a binomial GAM to the data using
seagrass (presence/absence (P/A)) to determine significant predictive variables. The GAM
function in the R software was similar to a General Linear Model; however, GAMs are more
tolerant to non-parametric data distribution which describes all of the water quality variables.
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Both the General Linear Model (GLM) and the GAM were examined for modeling the HSM in
the MGET software. The GLM required the transformation of the variables to conform with the
assumption for normal distribution of the data. This caused difficulty as each variable required a
different transformation and ultimately, the GLM produced a lower R2 than the GAM approach.
The GAM aimed to minimize the residual deviance and maximize the parsimony. The ‘mgcv’
package (Wood 2006) used the non-parametric smoothing function for the variables. The
application of the smoothing function eliminated the need to transform each of the water quality
variables.
The GAM was then applied to the significant variables (p-value < 0.05). This model was
used in the GAM Predictive Table function which produced a water quality table with
predictions for seagrass P/A, a ROC curve, and accuracy estimates in the model output (Figure
8). The predictive table provides a response curve for the analysis, similar to the methods of Van
der Heide et al. (2009), for the presence of seagrass based on a binary logistic regression. To
apply the GAM Predictive Raster function, it was necessary to create rasters for each of the
significant variables, as previously described. The products from this step included the
predictive raster of suitable seagrass habitat and an error estimate raster. The resulting predictive
HSM raster was spatially compared to the SGRM (Chapter 3) to determine the consistency
between the maps for the current seagrass resource and the predicted suitable habitat using raster
sample and calculator tools in the Spatial Analyst extension in ESRI® ArcMap 10.0. The
consistency between the classified areas of the rasters was calculated as percent agreement.
A sensitivity analysis was conducted on the model to determine the detection limit for
change in suitable habitat based on variation of transmittance which was the data used to
calculate C660, the significant predictive variable. The transmittance raster was varied by 5%
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increments of decreasing transmittance to 50% of the current values and increasing transmittance
to 120% of the current values. The resultant rasters were then processed through the MGET
GAM process (Figure 8). The change in area (km2) of suitable habitat was tabulated.

Figure 8. Flowchart of the HSM modeling process using ArcGIS ® and MGET.
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4.4 RESULTS AND DISCUSSION
The development of the HSM required several steps including developing the model and
input datasets, and testing the sensitivity of the resulting model. The model was based on the
2006-2010 water quality data and assumed that the data were representative of generally stable
water quality conditions and seagrass distribution. By evaluating the presence/absence of
seagrass rather than the individual seagrass species, the model assumed the water quality
requirements for the three seagrass species were similar. The model did not account for
geomorphological changes, localized physical disturbances, or changes in tide and wave energy.
It intended to provide a general map for suitable seagrass habitat based on the current water
quality and seagrass conditions during 2006-2010.

4.4.1 GENERAL ADDITIVE MODEL
Initially, the water quality parameters were checked for correlation. The input variables
included pH, salinity, total suspended solids (TSS), turbidity, transmittance, depth, chlorophyll-a
(chl-a), and bottom type. Of the variable pairs with correlation greater than 0.70, one of the
variables was removed from further analysis. Bathymetry and transmittance were removed
because of the correlation and dependence with C660. This is logical due to the use of these
variables in the calculation of C660. In addition, chl-a and turbidity were highly correlated with
transmittance. As transmittance is a measure of water clarity, it is reasonable for chl-a and
turbidity to result in a correlation.
In a preliminary model run, the bottom type (sand, mud, shelly mud) was included as a
factor variable. The sand category was significant (p-value= 0.03); however, the adjusted R2
(0.45) of the overall model was lower than that of the model runs excluding the bottom type
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variable. In addition, the bottom type throughout the majority of the study area was sand. The
muddy areas occurred near the fluvial outfalls and in embayments with low wave energy
according the seagrass field survey data. The three seagrass species demonstrated variation in
bottom type preference as determined by the seagrass field survey data (Chapter 2), and thus, the
use of the bottom type variable would be more appropriate in future studies predicting suitable
habitat at the species level.
The general additive model (GAM) was applied as a binomial function for seagrass P/A
based on the water quality metrics. The smoothing spline function (s) within the R software was
applied to fit a smooth curve to normally noisy environmental data. The smooth spline
technique, modified by Cook and Peters (1981), fits the curve to the data without making
assumptions of the shape of the curve.
The final model for CLWN was:
SG ~ s(salinity) + s(chl-a) + s(TSS) + s(C660)

(eq. 2)

where SG was the binomial P/A of seagrass. The deviance explained, a pseudo R-squared value
for use with GAMs calculated by 1 – (residual deviance/null deviance) was 73% (n=138,
adjusted R2 = 0.75). The C660 variable was the only significant variable (p-value = 0.001, alpha
= 0.05) (Table 6).
The final model for STJS was:
SG ~ s(salinity) + s(chl-a) + s(TSS) + s(turbidity) + s(C660)

(eq. 3)

The deviance explained was 89% (n=134, adjusted R2 = 0.88). The C660 variable was the only
significant variable (p-value = 0.006, alpha = 0.05) (Table 6). The complete outputs for the final
models were provided in the Appendix A.
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Table 6. GAM fit model results and p-values for water quality variables and significant
variables (*) for STJS and CLWN.
GAM Model
STJS
P-Values
pH
Salinity
Chlorophyll-a
Total Suspended Solids
Turbidity
C660

0.19212
0.15030
0.39289
0.47649
0.84887
0.00602*

Model Results
Adjusted R2
Deviance Explained
n
Convergence

0.884
89%
134
10

GAM Significant Variables
CLWN

STJS

CLWN

0.00103*

0.00661*

0.00222*

0.753
73%
138
11

0.725
71%
134
9

0.726
70%
138
5

0.18537
0.78216
0.42487

While the additional variables for the STJS GAM model increased the adjusted R2 from
0.72 to 0.88, only the C660 significant variable was used for the predictive GAM models. To
create the predictive GAM raster, the each of the input variables for the model must be
interpolated into rasters. During the geoprocessing of each variable, additional potential error
was introduced by the interpolation. While salinity and pH are relatively stable variables to
interpolate, Chl-a, turbidity, and total suspended solids vary greatly at the fine spatial and
temporal scales. For example, previous studies attempting to interpolate Chl-a found the
variation associated with rain events greatly influenced the concentration if collected within 48
hours after the event (Meyer 2006). This localized dynamic change could reduce the robustness
of the HSM. However, future studies should consider integrating additional water quality
variables, especially if gradients occur in the study area that may exceed optimal ranges for the
seagrass species, and thus, further stress the seagrass resource.
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4.4.2 RASTER DATASETS
To calculate the GAM predictive raster, it was necessary to create rasters for the
significant variables from the initial GAM. Based on the GAM model output, C660 was used to
calculate the predictive rasters. To develop a raster for C660, rasters for bathymetry and
transmittance were required.
The bathymetry raster (Figure 9) was derived from the TIN of the Lidar data points (n=
30,185). The bathymetry raster was validated with a test dataset (n=85) and tested with the
Paired t-test. The raster and test data were not significantly different based on the t-value (1.191;
p-value = 0.12) and were significantly correlated based on Pearson Correlation (0.97; p-value
0.00) using SPSS. In the study area, the bathymetry generally increased with distance from
shore (Figure 10). The depth ranged from 0.01 m to 5.1 m. The deepest areas were found in the
northwest area south of Anclote Key and in the navigation channels.
The transmittance raster (Figure 10) was interpolated from the water quality survey data
(n=272) with ordinary kriging. The raster was validated with a test dataset (n=26) and tested
with the Paired t-test. The data were not significantly different based on the t-value (1.219; pvalue = 0.23) the data were significantly correlated based on Pearson Correlation (0.792; p-value
0.00) using SPSS. The error map for the transmittance interpolation was provided in Appendix
B.
In the study area, the transmittance was highest in the northeast in the relatively shallow
zones (Figure 10). The transmittance decreased in CLWN which may be influenced by
terrestrial run-off and reduced circulation (Janicki 2011). The transmittance ranged from 63% to
97%. The mean transmittance for STJS was 91% (n= 136, SD = 6.5). The mean transmittance
for CLWN was 83% (n=140, SD = 8.5).
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Figure 9. Bathymetry raster based on Lidar data.
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Figure 10. Transmittance raster interpolated from the water quality survey data (n=272).
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Figure 11. C660 raster for the beam attenuation coefficient was calculated from the
bathymetry and transmittance rasters.
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It should be noted that this study used transmittance measured at 660 nm. While 660 nm
was within the visible spectrum and valuable to seagrass for photosynthesis, Barnard et al.
(1999) determined the most appropriate transmittance measurement at 480 nm wavelength in
relation to PAR. Additional studies concerning the quality of light at various wavelengths and
the impact on the compensation depth of the seagrass were analyzed by Anastasiou (2009), and
indicated that the blue light wavelength could be more critical than the red light wavelength for
seagrass photosynthesis in Tampa Bay, FL.
The C660 raster was calculated (Eq. 1) from the bathymetry and transmittance rasters
(Figure 11). The C660 ranged from 0.1/ m to 4.57/ m. The highest C660 value 4.57/ m is
greater than the previously reported 2.1/ m based on data from 2005-2007 (Levy et al. 2008).
The highest C660 was in the shallow nearshore areas and the lowest in the deepest areas. This is
logical based on the absorption of more light as it travels a longer distance through the water
column. However, areas near the passes demonstrated lower transmittance and C660 due to the
increase disturbance of the water column particulates from the increased currents and tidal
fluctuations.

4.4.3 GAM PREDICTIVE RASTERS
The C660 raster was input to the GAM to calculate the predictive raster for the seagrass
suitable habitat. The model was run separately for STJS and CLWN; however, they are both
presented as one map (Figure 12). The estimated threshold for habitat suitability for seagrass
was different for CLWN (C660= 0.4) and STJS (C660 = 0.25). This difference may be
attributed to the variations in water flow or the species composition between the two strata.
In STJS, the model identified 43 km2 of suitable habitat for seagrass. The deviance
explained was 71% (n=134, Adjusted R2= 0.73). The overall accuracy for the model
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performance was 82% (kappa= 0.40) with a true positive rate of 0.81 and true negative rate of
1.0.

The spatial error estimates were greatest along the patchy seagrass areas at the deep edge

(Figure 13).
In CLWN, the model identified 17 km2 of suitable habitat for seagrass. The deviance
explained was 70% (n=138, Adjusted R2 = 0.73). The overall accuracy for the model
performance was 95% (kappa= 0.88) with a true positive rate of 0.94 and true negative rate of
0.97. The spatial error estimates were greatest in the areas near the islands and pass (Figure 13).
In a recent study developing an HSM, Santos and Lirman (2012) found salinity to be a
significant factor for predicting suitable habitat for Halodule wrightii and Thalassia testudinum
in Biscayne Bay, FL, based on the salinity ranges for each species. While salinity was a variable
in the GAMs for both STJS and CLWN, it was not identified as significant. In STJS, salinity
ranged from 26-39 ppt (mean= 33, SD=2.6) and, in CLWN, 23-38 ppt (mean= 34, SD= 2.4)
(Table 7). In comparison to the optimal ranges of salinity for Thalassia, Halodule, and
Syringodium found in the literature and discussed previously (Section 4.2.2), the means are
within the optimal range for Thalassia: 22-36 ppt (Doering and Chamberlain 1999) and 25-38
ppt (Phillips 1960) and Halodule:10- 35 ppt (Lirman and Cropper 2003) and 12-38 ppt (Phillips
1960). The mean salinity was higher than the optimal range for Syringodium: 15-30 ppt,
determined by Lirman and Cropper (2003). Based on the observed salinity in comparison with
the reported optimal ranges for Halodule and Thalassia, it is likely that the salinity in the study
area was suitable for the presence of seagrass. This study did not examine the P/A of individual
species, and future research could consider the effect of salinity fluctuations on each species.
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Figure 12. Habitat suitability model predictive GAM for seagrass habitat.
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Figure 13. Spatial error distribution for the predictive GAM raster for suitable seagrass
habitat.
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Table 7. Summary statistics for salinity in STJS and CLWN based on water quality data
from Levy (2011).
Mean
Salinity (ppt)
STJS
CLWN

33
34

Standard Minimum Maximum
Deviation
2.6
2.4

26
23

39
38

In comparison, Bekkby et al. (2009) used a GAM to predict the presence/absence of kelp
species (Laminaria hyperborean) in Norway. Similar to the current study, the area under the
receiver operating characteristic (ROC) curve, the AUC value was determined as a validation for
the model. The ROC was considered an internal validation of the predictive model based on the
training dataset. The resultant model included variables for depth, terrain curvature, wave and
light exposure with an ROC of 0.78. The model presented above resulted in higher ROC values
for CLWN (0.96) and STJS (0.97) while focusing on the key factor of light availability. Bekkby
et al. (2009) used depth as a proxy for light attenuation and determined it was the most important
factor for the prediction of the kelp species spatial distribution.
A sensitivity analysis was performed on the HSMs to evaluate the sensitivity of the
model to changes in the transmittance data. In STJS and CLWN, the change of 10% in
transmittance resulted in a detectable change in the area of suitable habitat. While 5% change
increments were also tested, the changes were quite small and could be within the error estimates
for the model. Based on the 10% change in transmittance (Table 8), the greatest change detected
was in STJS if the transmittance improved by 10% resulting in approximately 3.5 km2 of suitable
habitat mainly along the deep edge of the seagrass bed (Figure 14). The decrease was greatest in
STJS with the 10% reduction of transmittance (-0.52 km2). This sensitivity analysis also
suggested that a 10% increase in transmittance could provide additional suitable seagrass habitat
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in STJS. The additional percent intervals for the sensitivity of the model to changes in
transmittance were provided in Appendix C.

Table 8. Change in suitable habitat area (km2) based on sensitivity to changes in
transmittance.
Change in Suitable
Habitat (km2)
STJS
10% Increase
HSM Baseline
10% Decrease

46.55 (+3.51)
43.04
42.52 (-0.52)

10% Increase
HSM Baseline
10% Decrease

18.12 (+1.14)
16.98
16.83 (-0.15)

CLWN

Table 9. Comparison of the SGRM and the HSM results. The SGRM class is either
determined to be suitable (yes) or not suitable (no) seagrass habitat by the HSM. The
percent of the area is shown to indicate the differences. For example, where the SGRM
class was “No Seagrass”, but the HSM determined it was suitable habitat, included 27% of
the area in CLWN and only 5% of the area in STJS.
SGRM Class
No Seagrass
Patchy
Continuous

Suitable Seagrass
Habitat
No

Area (%)
CLWN
24

Yes

27

5

No

7

16

Yes

11

13

No

4

3

Yes

27

48

69

Area (%)
STJS
15

Figure 14. Change in suitable habitat area (km2) based on sensitivity to changes in
transmittance water quality. If transmittance decreases by 10%, then the green area
would be the suitable habitat area. If the transmittance increases by 10%, then the red
area would be added to the suitable habitat.
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To further test the results from the predictive GAM, the suitable habitat raster was
compared to the SGRM developed in Chapter 3. Based on the comparison of the raster surfaces
of the HSM and the SGRM in STJS, the maps were 75% consistent for the determination of
suitable habitat and mapped seagrass. Overall, the models mostly agreed on the areas classed as
“No Seagrass” and “Continuous” seagrass (Table 9). The largest discrepancies occurred on the
deep edge within the patchy areas (16%) where the HSM indicated it was not suitable and the
SGRM classified it as patchy bed. It should be noted that these patchy areas had lower shoot
density than the adjacent continuous seagrass area. In 5% of the area the HSM indicated it was
suitable but the SGRM did not classify seagrass. In 4% the HSM indicated not suitable but the
SGRM classified seagrass.
Based on the comparison of the HSM and the SGRM in CLWN, were only 62%
consistent. Overall, the models agreed on the areas classed as “Continuous” seagrass. The
largest discrepancy occurred in the area the HSM predicted as suitable, but there was no seagrass
classified (27% of the area). This could indicate there is more suitable habitat for seagrass to
expand in CLWN under the current water quality conditions. The models mostly agreed for the
prediction of suitable habitat in areas classed as continuous seagrass only disagreeing in 4% of
the area. Similar to the results for STJS, the HSM alternated predicting the patchy seagrass areas
as suitable or not suitable habitat. The decrease in shoot density of the seagrass could be related
to an increase of stress on the plant from environmental conditions, such as light availability
(Biber et al. 2005).
Throughout the comparative analysis of the SGRM mapping result and the HSM
modeling result, the patchy seagrass areas cause the most variation and error. Excluding the
misclassification of the patchy area, the HSM and SGRM are 91% similar, which was
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encouraging. These “patchy” seagrass areas had a lower percent coverage and shoot density than
the continuous areas. As discussed (section 5.2.2), there are many factors influencing the
fragmentation of seagrass beds. While the seagrass may be able to adapt to reduced light
conditions, compounding stressors could ultimately cause fragmentation or die-off (Ralph et al.
2007). However, it is likely that the reduction of light availability at the deep edge of the bed
limited growth and could catalyze die-off if the seagrass was exposed to extended low-light
conditions (Biber et al. 2005). In addition, the spectral properties of the patchy seagrass areas
could be less detectable by the satellite remote sensing imagery as the shoot density decreases
(Fyfe 2003).

4.5 CONCLUSION
The HSM provided a reasonable prediction for suitable seagrass habitat in the study area.
The key water quality variable for the habitat prediction was the light metric (C660) which was
the beam attenuation coefficient of transmittance based on the depth. The transmittance was the
only significant water quality metric integrated into the predictive model. It was necessary to
consider the sensitivity of the model to changes in transmittance. The HSM detected changes at
5% of transmittance; however, applying the model to determine changes based on less than 10%
change in transmittance was not advised. The high resolution bathymetry was essential for this
calculation and maintaining high resolution for the model. The HSM performed well in the areas
corresponding with no seagrass or continuous seagrass; however, the patchy seagrass areas
provided most of the error in predictions. Further studies could aim to improve the model
performance in the patchy seagrass areas and perhaps refine the predictions by species based on
the optimal water quality ranges. Regardless, this robust HSM performed well enough to be
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applied as an exploratory management tool to investigate the response of the seagrass to potential
changes in environmental factors such as transmittance and bathymetry.
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CHAPTER 5. ASSESSING THE POTENTIAL IMPACTS OF
SEA LEVEL RISE ON THE SEAGRASS RESOURCE AND
ENVIRONMENTAL MANAGEMENT IMPLICATIONS
5.1 ABSTRACT
The seagrass resource provides essential ecosystem function to many marine species.
The sustainability of this resource is essential to the marine ecosystem in the nearshore coastal
areas. Factors threatening the sustainability of the seagrass resource include those related to
water quality and environmental changes. Historically, environmental management strategies
have focused on water quality targets, but have not considered mitigation for climate change
impacts, specifically sea level rise (SLR). This study utilized a spatial habitat suitability model
(HSM) for the seagrass resource as a management tool to better understand the relationship
between seagrass, water quality, and SLR scenarios.
Based on SLR scenarios for 1ft-6ft (0.305m – 1.83m) from 2010 to 2100, the potential
seagrass habitat loss and gain was analyzed. From the current 60 km2 of seagrass habitat in St.
Joseph Sound (STJS) and Clearwater Harbor North (CLWN), the predicted seagrass habitat loss
based on HSM which focused on light availability for photosynthesis ranged from 14 km2 (SLR
1ft) to 26 km2 (SLR 2ft) to the entire 60 km2 (SLR 6ft). The potential seagrass habitat gain
based on the coastal flooding model (NOAA, 2012) ranged from 4 km2 (SLR 1ft) to 19 km2
(SLR 6ft). However, based on the spatial distribution of the seagrass and the proximity of the
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seagrass to the new habitat, the potential viable habitat based on the mean seagrass growth rates
(horizontal rhizome elongation) only ranged from 2 km2 (SLR 1ft) to 9 km2 (SLR 6ft). An
additional complexity to the gain of seagrass habitat was the effect of the anthropogenically
altered shorelines, seawalls, which covered 47% of the shoreline. These seawalls potentially
could impede the inundation of the seawater, and the colonization of the seagrass by creating a
vertical boundary for seagrass growth.
The mitigation of the potential effects of SLR on the seagrass resource may require
ecosystem level management. While the management of water quality would continue to benefit
the seagrass resource, additional management strategies would be necessary to mitigate for
potential SLR effects. A discussion of potential management approaches suggested that the
integration of coastal shoreline management strategies and seagrass resource management
suggested would be essential for the sustainability of the resource.

5.2 INTRODUCTION
Evaluating the impacts of SLR on the seagrass resource required an understanding of
changes in sea level, issues affecting the seagrass resource in urban areas, and the strategies for
managing the seagrass resource.

5.2.1 CLIMATE CHANGE: SEA LEVEL RISE
While climate change presents many aspects of potential environmental impact, my study
confined the scope to relate the potential impacts from changes in sea level to suitable habitat for
the seagrass resource. Studies show that sea levels changed little from AD 0 until 1900, and sea
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levels began to climb in the 20th century (Parris et al. 2012). Changes in sea level have been
documented throughout the 20th century potentially correlated with the increase in sea surface
temperatures (EPA 2010). Records and research show that sea level has been steadily rising at a
rate of 1 to 2.5 millimeters per year since 1900 (Parris et al. 2012). Since the early 1990s, the
use of satellite altimetry indicated an increased rate of rise of 3 millimeters per year (NOAA
2012, Parris et al. 2012, NOAA 2010). Although this may seem insignificant, it is a larger rate
than the SLR averaged over the last 8000 years (Hawkes 2013). Thermal expansion caused by
the warming of the oceans and the loss of land-based ice due to increased melting are considered
two main causes of SLR (EPA 2010).
Based on the tide and current station information, Figure 16 provides observed sea level
information relative to the study area. This data suggests that the sea level could increase about
24 cm in 100 years. While this may seem insignificant, the increase in depth could reduce the
available light and consequently impact the suitable habitat for the seagrass resource.
Short and Neckles (1999) provided a review of seagrass literature from the perspective of
global climate change and its potential worldwide effects on the distribution, productivity, and
community composition of seagrasses. The predicted rise in sea level ranges from 15 to 95cm in
the next century mainly due to thermal expansion of the ocean and melting of the polar ice caps
(EPA 2010, IPCC 2007). SLR may also affect the persistence of the seagrass ecosystems by
affecting the spatial distribution and species composition. The depth limitation of seagrass is
correlated with the percentage of available light reaching the bottom (Dennison et al. 1993,
Dixon and Leverone 1995). As sea level increases, the deep edge of the seagrass suitable habitat
based on light availability will migrate up the gradient assuming that the water quality
parameters remain constant.
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Figure 15. The mean sea level trend is 2.43 millimeters/year with a 95% confidence interval
of +/- 0.80 mm/yr based on monthly mean sea level data from 1973 to 2006.
http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=8726520

5.2.2 SEAGRASS EXPANSION
Duarte et al. (2010) suggested that the main factor of the expansion of seagrass bed
growth rates was the elongation of horizontal rhizomes and the perimeter of the bed. While
Thalassia was known to flower and seed in some regions, in the Tampa Bay area, the rhizome
elongation was suggested as the main factor of seagrass expansion (Dawes et al. 2004). In
addition, the strategies for seagrass colonization and resource competition contribute to the
dynamics of seagrass growth for each species. Lovett-Doust (1981) described the guerilla and
phalanx strategies that have been applied to seagrass. A guerilla species, such as Halodule,
grows quickly to expand and exploit resources from the older shoots, but does not continue to
support the older biomass. A phalanx species, Thalassia, grows more slowly and relies on the
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new shoots to support the existing biomass (Tomasko and Dawes 1990). Based on these
strategies, it can be concluded that Halodule would colonize new habitat more quickly than
Thalassia if the environmental and water quality conditions remain within the optimal range for
the seagrass species. Due to these differences in growth strategies and other biological features,
the estimated annual growth rates for above ground biomass and shoots differ for each species.
In the Tampa Bay area, the mean rhizome elongation rates were estimated for Thalassia (1.03m
per year) (Meads 2012). In a synthesis of growth rates for seagrass species, Marba and Duarte
(1998) suggested the horizontal rhizome extension for Halodule (2.23 m per year) in the
Caribbean (Gallegos et al. 1994).
Seagrass grows as continuous meadows or a mosaic of various size and shape patches
(Brooks and Bell 2001). Several studies have examined the dynamics of patchy seagrass areas in
the Tampa Bay area (Kaufman 2011a, Bell et al. 2001, Bell, Robbins and Jensen 1999, Brooks
and Bell 2001, Robbins and Bell 1994). While many factors influence the fragmentation of
seagrass beds, often the patchy areas are attributed to the recovery from natural or humaninduced disturbances (Duarte et al. 2010). The spatial and temporal dynamics of the patchy
areas experience expansion, mortality, and recruitment (Duarte et al. 2010), in conjunction with
changes in the physical environment. Physical and biological disturbances can change the
seagrass landscape dynamic of the seagrass bed by causing gaps (Bell et al. 1999, Bell, Fonseca
and Stafford 2010). As the seagrass expands horizontally through rhizome elongation, the
vegetative production of new shoots fills in the open space. The dynamics of the gaps contribute
to the mosaic (Kaufman 2011a). A seagrass area may have several gap dynamics occurring
throughout the bed simultaneously based on colonization, succession, and localized disturbances
(Larkum et al. 2010, Ralph et al. 2006, Bell et al. 1999). The spatial and temporal patterns of
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the seagrass dynamics contribute to the understanding of the resiliency and sustainability of the
seagrass resource. While additional dynamics of growth in the seagrass beds, such as selfshading (Tomasko 1992, Larkum et al. 2010), this study did not consider these effects.

5.2.3 SEAGRASS RESOURCE MANAGEMENT
Environmental managers acknowledge the relationship between the anthropogenic factors
and the degradation of the seagrass resource and realize the importance of sustaining this
valuable ecosystem. In an effort to control the damage to the natural environment in the United
States, the Clean Water Act of 1976 was instated. In compliance with the Act, each state must
evaluate the pollution in the watersheds and water bodies. The nutrient and chemical pollution
criteria are set by the state and the municipalities are responsible to restore the environment to
meet the state water quality standards. To measure the improvement of the coastal and estuarine
water bodies, seagrass is used as an indicator species. Seagrass distribution and persistence is
dependent on light availability and water quality; therefore, providing a marker for
environmental improvement.
Resource managers in the Tampa Bay, Florida area have emphasized the importance of
seagrass preservation and restoration in the bays, estuaries, and coastal areas. From the 1950s
through the early 1980s excess nutrient loading caused reductions in water clarity which may
have influenced the declines in seagrass acreage that occurred during that period (Johansson
2000, Johansson 1991, Johansson and Lewis 1992, TBNEP 1996). The initial management
strategy aimed to reduce nitrogen loading through effective nutrient management beginning in
the early 1980s throughout the Tampa Bay watershed.
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Efforts to monitor changes in the seagrass resource were implemented to assess the losses
and gains of seagrass at a bay-wide scale using aerial photographs taken by the Southwest
Florida Water Management District (SWFWMD) every two years (Tomasko et al. 2005). In
addition, annual field surveys were conducted at fixed locations to detect change in the
composition and deep-edge of the seagrass beds.
As concluded by many studies, the resource managers focus on available light as the
primary factor affecting seagrass distribution at the deep edge of the bed (Duarte 2002, Duarte et
al. 2007, Ralph et al. 2007). Thus, the recent management approaches have focused on
improving water quality to meet specific light targets. Currently, the established minimum light
target is 20.5% of light reaching the bottom (TBNEP 1996, Janicki and Wade 1996). This light
target was adjusted from the determination of light requirements for Thalassia in Tampa Bay, FL
which estimated the annual percentage of light necessary at the compensation depth at 22.5% of
subsurface scalar irradiance (Dixon and Leverone 1995). To set the light management target, the
22.5% was adjusted for 2% bottom reflectance resulting in 20.5%.
In other areas of Florida, the light targets range from 20%-40% (Dennison et al. 1993,
Fourqurean et al. 2003, Gallegos and Kenworthy 1996). The resource management in Tampa
Bay hinges on the relation between light attenuation and the chlorophyll concentrations
associated with nutrient loading (Janicki et al. 2001). The goal of the Tampa Bay region is to
restore seagrass acreages to the status of the resource in 1950. However, the amount of suitable
habitat in Clearwater Harbor and St. Joseph Sound will be constrained by the anthropogenic
alteration. Janicki et al. (2011) adjusted the baseline target based on the anthropogenic
alterations such as dredge fill islands, channels, and hardened shorelines (Table 10).
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Table 10. Seagrass (km2) for St. Joseph Sound and Clearwater Harbor North adapted from
the CCMP (Janicki 2011).
Adjusted
1942 Baseline

1999

2001

2004

2006

2008

2010

St. Joseph Sound
Clearwater Harbor
North

63

44

40

43

42

50

51

21

10

11

11

14

15

15

Total

84

54

52

54

56

66

66

While these efforts have achieved improved water quality and some increases in the
seagrass resource distribution (Kaufman 2011b, Burnes et al. 2011), the strategies only address a
short to moderate time scale (approximately 5-25 years) for preservation and restoration of the
resource. The regional managers have not yet implemented strategies to mitigate the long-term
and extended-term management.
The Environmental Protection Agency (EPA) recently released a report on strategies to
address SLR and human community response (Titus 2011). The four fundamental pathways for
community response to SLR include: shoreline armoring, elevating land surfaces,
accommodation, and retreat (Titus 2011). The most concerning proposition is shoreline
armoring. This pathway would encourage the anthropogenic alteration of the shoreline, which
would hinder the any inland shift of the seagrass resource to increasing sea level by preventing
migration into shallower waters unless measures to refurbish the shoreline and restore the natural
slope were implemented. The hardening of shoreline is already impacting and limiting the
suitable habitat for the seagrass resource (Nielsen, Eggers and Collins 2000). Additional
shoreline hardening would further these impacts and create more complex challenges for the
resource managers.
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5.2.4 RESEARCH FOCUS
The purpose of this study was to evaluate the potential impacts of SLR on the seagrass
resource in STJS and CLWN, Florida. SLR will likely cause both loss and gain of suitable
seagrass habitat. The HSM (Chapter 4) was utilized to analyze the suitable seagrass habitat loss
under the different SLR scenarios. The potential gain of suitable seagrass habitat from
inundation was also evaluated in terms of viability for seagrass to colonize the area. In addition,
the effects of anthropogenically altered shorelines were considered. Ultimately, this study was
an exploratory analysis of potential impacts and the implications to the management for the
resilience and sustainability of the seagrass resource.

5.3 METHODS

5.3.1 DATASETS
The datasets necessary for the SLR analysis included the bathymetry raster developed in
Chapter 4, and the seagrass field survey data (Chapter 2). In addition the SWFWMD seagrass
map and aerial photographs were used in the shoreline analysis.

5.3.2 SEA LEVEL RISE SCENARIOS
Based on SLR predictions, the seagrass resource may experience habitat loss and habitat
gain. The habitat loss would likely occur along the deep edge of the bed and the habitat gain
would occur along the shallow edge as the seawater inundates the land. For the purpose of this
research, it was necessary to analyze the habitat loss and gain with two separate models to
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improve the estimates of change in suitable habitat (km2). The two models were applied to
increase the accuracy of the predictions by accommodating for the different environmental
conditions and stressors for the seagrass at the shallow and deep edge of the bed. The habitat
loss model focused on the water quality variables and the changes at the deep edge of the bed.
Meanwhile, the habitat gain model focused on the inundation, hydrologic connections, elevation,
and potential for seagrass colonization. Due to the differences in focus, the models were
developed and applied separately; however, the results could be integrated in a GIS-based system
for future research.
Seagrass Habitat Loss
The habitat loss SLR predictions were based on the seagrass HSM developed in Chapter
4. The HSM was based on the 2006-2010 water quality data and assumed that the data were
representative of generally stable water quality conditions and seagrass distribution. The model
did not account for geomorphological changes, localized physical disturbances, or changes in
tide and wave energy. It intended to provide a general map for suitable seagrass habitat based on
the current water quality and seagrass conditions during 2006-2010.
It was necessary to rerun the model based on each SLR scenario (Figure 16). The raster
for C660 was recalculated for six sea level rise scenarios (1, 2, 3, 4, 5, and 6 ft (0.31, 0.62, 0.93,
1.24, 1.55, and 1.86 m, respectively)) using the raster calculator in the Spatial Analyst Extension
of ESRI ® ArcMap 10.0. The estimates of SLR were based on predicted change in sea level
over 90 years from 2010 to 2100 and coincided with the model applied to calculate the amount
of suitable seagrass habitat gain. These SLR C660 rasters were then processed through the GAM
predictive raster function of the HSM using the MGET (Roberts, 2010) in ESRI ® ArcMap 10.0.
The model produced the predictive raster for suitable seagrass habitat and spatial error estimate
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raster for each SLR scenario. The areas of habitat loss (km2) were calculated from the rasters
maps.

Figure 16. Flowchart of the process to calculate the area (km2) of seagrass habitat loss for
the SLR scenarios.
Seagrass Habitat Gain
The amount of suitable seagrass habitat gain for the SLR predictions was based on the
Sea Level Rise and Coastal Flooding Model developed by the NOAA Coastal Services Center
(CSC), available at
http://www.csc.noaa.gov/slr/viewer/index.html?ll=9220928.045128;3256652.293884&level=8&basemap=null&CurTab=0&CurSLR=0
This SLR model considered six scenarios for SLR from 2010 to 2100. The range was 1-6 ft
(0.31-1.86m) in one foot increments. The sea level inundation was based on a modified bathtub
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approach including hydrodynamic connections and regional tidal variability for Mean Higher
High Water. The vertical datum was NAVD 88. The SLR model was intended for planning and
education and did not include potential changes in the coastal geomorphology and assumed that
the present conditions will persist. In addition, while the SLR model included hydrologic
connections, a detailed pipe and ditch network was not included. Rasters for the six scenarios
were provided by the NOAA CSC for this project. The SLR rasters were checked for accuracy
and clipped to the study area using the Spatial Analyst Extension in ESRI ® ArcMap 10.0.
Then, the areas (km2) for habitat gain were calculated.

Figure 17. Flowchart of the process to calculate the area (km2) of seagrass habitat gain for
the SLR scenarios.
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To determine if the seagrass could colonize the new habitat through rhizome elongation
mean growth rates from the literature were used to calculate a distance buffer from the existing
nearshore edge of the seagrass bed (Figure 17). The buffers (Figure 18) were based on the
SWFWMD’s aerial photointerpretation seagrass map for 2010 (Kaufman 2011b) and evaluated
for the general seagrass species distribution from the field survey data (Chapter 2). The
SWFWMD SAV map provided a vector layer outlining the edges of the SAV delineated from
the orthophotos (1m resolution). It was necessary to use the SWFWMD seagrass map instead of
the SGRM for this analysis due to the improved detail along the shallow edge of the seagrass
beds where the raster pixels of the SGRM did not match the vector shoreline. The discrepancy
between the vector shoreline and raster SGRM would introduce unnecessary error into the area
calculations. The SWFWMD seagrass map was a vector shapefile and had smooth polygons
along the shallow edge of the seagrass bed. The SGRM was a raster and therefore had some
unclassified pixels along the shallow edge of the seagrass bed particularly in the areas where the
seagrass was juxtaposition to the seawalls.
The buffer for STJS was based on the mean rhizome elongation rate for Thalassia (1.03
m per year) as determined by Meads (2012) in an area of Tampa Bay. However, to better
represent the potential error for the growth rates, the range for Thalassia (22-152 cm per year)
provided by Marba and Duarte (1998) was applied to the colonization area calculations. The
growth rate for Thalassia was applied because it was the dominant seagrass species in the
nearshore areas of STJS as described in Chapter 2. The SLR predictions extend to 2100 and the
growth rate was multiplied by 90 years (2100-2010 = 90). The total buffer distance was 93 m
from the current nearshore edge of the seagrass bed.
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Figure 18. Growth buffers for Halodule and Thalassia mean horizontal rhizome elongation
based on the spatial distribution of the seagrass species from the field survey data and the
SWFWMD SAV map 2010.
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The buffer for CLWN was based on the mean rhizome elongation rate for Halodule (2.23
m per year) as suggested by Marba and Duarte (1998). To better represent the potential error for
the growth rates, the range for Halodule (81-365 cm per year) provided by Marba and Duarte
(1998) was applied to the colonization area calculations. The growth rate for Halodule was
applied because it was the dominant seagrass species in the nearshore areas of CLWN as
described in Chapter 2. The total buffer distance was 201m from the current nearshore edge of
the seagrass bed. The respective buffers were used to clip the SLR rasters for habitat gain. The
area of suitable habitat was recalculated based on the ability of the seagrass to colonize the area.
It was also necessary to determine if the new habitat was suitable for seagrass. The
suitability was determined by analyzing if the C660 would meet the threshold determined by the
HSM for C660 (STJS 0.25, CLWN 0.4) for suitable habitat and if the seagrass could colonize the
newly available areas through rhizome elongation. The C660 was calculated by applying the
mean transmittance for each 0.2 m depth interval from the current resource to the new habitat.
Then, C660 was calculated based on the predicted depths for the new areas.

5.3.3 SEAGRASS MANAGEMENT
A qualitative discussion of seagrass management was provided to consider management
implications of SLR on the seagrass resource and provide suggestions for long-term management
strategies. To further examine the potential issues for seagrass management with SLR, a
qualitative comparison of the new habitat from SLR scenarios to the shoreline types was
conducted. The shoreline of the study area was digitized at a 1:600 scale from the 2010 aerial
photos from SWFWMD in ESRI ® ArcMap 10.0. The shoreline was categorized as
anthropogenically altered or unaltered, meaning natural.
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The altered shorelines were riprap,

riprap with buffer, seawall, or seawall with buffer. The buffer was considered in areas with a
natural mangrove or salt marsh between the seawall and the water with a minimum width of 2 m.
The unaltered shorelines were islands, natural, and residential natural. The residential natural
category was created to consider areas that would eventually not be allowed to flood for the
preservation of the property, but currently had a natural shoreline. The percentages of each
shoreline type were calculated.
The discussion provided recommendations for management to mitigate the seagrass
resource vulnerability to potential SLR impacts based on the findings of this study and a
comparison to the current management targets defined by the regional environmental agencies.
Targets and thresholds pertaining to water quality and acreage for the seagrass resource were
developed in the CCMP (Janicki 2011) based on the adjusted baseline which removes the
anthropogenic alterations such as dredge fill activities. A review of the current, and potential
future management strategies was considered based on the effective temporal scale and
sustainability of the seagrass resource to address the potential impacts of SLR.
Recommendations for proactive management were discussed pertaining to sustainability of the
seagrass resource.

5.4 RESULTS AND DISCUSSION
The potential impacts of SLR on the study area may be exacerbated by the
geomorphology and topography of the region. The DEM of the topography depicted the lowlying areas near the shoreline (Figure 19). From the topography, it could be assumed that an
increase in sea level would easily inundate these areas and provide habitat for the accretion of
seagrass. However, it was necessary to consider the loss and gain of suitable seagrass habitat
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along with the ability of seagrass to colonize the new areas and the potential effects of the
urbanized anthropogenically altered shorelines.

Figure 19. Topography map of study area showing the low-lying shorelines and islands.
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5.4.1 SEAGRASS HABITAT LOSS
Based on the HSM, the suitable seagrass habitat for STJS was 43 km2 at the current sea
level and 17 km2 in CLWN (Table 11). The spatial error maps for the SLR habitat loss
predictions from the HSM are provided in the Appendix D. In STJS, the habitat loss increased
with the increase in sea level (Figure 20). The 6ft SLR scenario resulted in no suitable habitat
remaining for the seagrass. The model for habitat loss assumed that sea level will continue to
rise through 2100 at rates relative to the observed and predicted levels. In addition, the model
assumed the water quality will remain at levels relative to the current conditions shown in the
2006-2010 water quality data. The models for habitat loss and gain did not consider changes in
geomorphology, tides and wave energy, water chemistry, weather events, sedimentation,
shoaling, migration of barrier islands, localized physical disturbances, extensive hydrologic
connections, additional shoreline alterations, or policy.

Table 11. Predicted seagrass suitable habitat loss (km2) based on SLR scenarios (1-6 ft).
The SLR 0 ft scenario was based on the HSM area for the current seagrass resource.
Suitable Seagrass Habitat (km2)
SLR

STJS

STJS Total
Loss

CLWN

CLWN Total
Loss

0

43

1

33

10

13

4

2

26

17

10

7

3

19

24

7

10

4

9

34

2

15

5

2

41

0

17

6

0

43

0

17

17
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Figure 20. Seagrass suitable habitat loss for the SLR scenarios (0-6ft) for STJS and
CLWN.
Spatially, the loss of suitable habitat in STJS occurred along the deep edge of the seagrass
bed (Figure 21). The largest amount of seagrass habitat loss (10 km2) occurred between the 3ft
and 4ft SLR scenarios assuming the water quality for transmittance does not change. The 6ft
SLR scenario resulted in no suitable seagrass habitat remaining in STJS.
In CLWN, the area of suitable seagrass habitat decreased as sea level increased. The 5 ft
and 6ft SLR scenarios resulted in no suitable habitat remaining for the seagrass (Table 11, Figure
20). Spatially, the loss of habitat along the deep edges of the seagrass beds. The largest amount
of seagrass habitat loss (5 km2) occurred between the 3ft and 4ft SLR scenarios (Figure 22).
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Figure 21. Seagrass habitat loss predictions for SLR scenarios (0-5 ft) from 2010-2100 in
STJS.
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Figure 22. Seagrass habitat loss predictions for SLR scenarios (0-4 ft) from 2010-2100 in
CLWN.
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5.4.2 SEAGRASS HABITAT GAIN
The potential gain of suitable seagrass habitat for the SLR scenarios occurred in the lowlying areas along the shoreline throughout STJS and CLWN (Figure 23). This analysis assumed
that the shorelines would not be anthropogenically altered to armor to prevent inundation. The
islands were the most susceptible areas in the study area due to their low elevation and unaltered
shorelines. The model for habitat gain assumed that sea level will continue to rise through 2100
at rates relative to the observed and predicted levels. In addition, the model assumed the water
quality will remain at levels relative to the current conditions shown in the 2006-2010 water
quality data. Concerning the colonization of the new habitat areas by seagrass the model
assumed the seagrass will grow through rhizome elongation and the sediment will be suitable for
growth. In addition, the model did not consider the vegetative competition between species,
mangrove and seagrass canopy shading, or changes in bottom type.
The total seagrass habitat gain in STJS ranged from 1.78 km2 to 9.79 km2 (Table 12). In
comparison to the potential habitat loss (Table 11), the greatest total seagrass habitat gain at SLR
6ft scenario (9.79 km2) was less than the smallest potential seagrass habitat loss for the SLR 1ft
scenario (10 km2). The largest increase in seagrass habitat gain occurred between the SLR 4ft
and SLR 5ft scenarios. This change in sea level corresponded with the potential inundation over
the existing seawalls.

While the total seagrass habitat gain was useful for comparison with the

seagrass habitat loss analysis, it was also crucial to consider the amount of the new habitat that
would be viable for seagrass to colonize.
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Table 12. Total seagrass habitat gain (km2) in STJS for SLR scenarios summarized by
depth interval of 0.2m.
DEPTH SLR 6
SLR 5
SLR4
SLR 3
SLR 2
SLR 1
0.76
1.19
1.14
0.69
0.61
0.64
0.2
1.04
1.35
0.94
0.58
0.68
0.43
0.4
1.41
1.19
0.66
0.68
0.59
0.18
0.6
1.32
0.90
0.66
0.70
0.29
0.39
0.8
1.10
0.68
0.73
0.45
0.17
0.15
1
0.75
0.78
0.62
0.19
0.48
1.2
0.77
0.79
0.30
0.30
1.4
0.80
0.49
0.18
0.29
1.6
0.67
0.22
0.52
1.8
0.33
0.74
2
0.20
2.2
0.67
2.4
Total

9.79

8.33

5.75

3.89

2.82

1.78

Table 13. Viable areas (km2) for seagrass for the potential new habitat from the SLR
scenarios in STJS considering the mean horizontal rhizome elongation growth rate of
Thalassia (1.03 m/yr).
Depth
SLR_6 SLR_5 SLR_4 SLR_3 SLR_2 SLR_1
0.45
0.89
0.86
0.58
0.76
0.75
0.2
0.47
0.45
0.26
0.37
0.40
0.14
0.4
0.49
0.34
0.33
0.46
0.20
0.30
0.6
0.40
0.27
0.43
0.31
0.13
0.16
0.8
0.27
0.37
0.41
0.14
0.39
1.0
0.32
0.47
0.21
0.24
1.2
0.42
0.32
0.13
0.23
1.4
0.42
0.15
0.40
1.6
0.22
0.48
1.8
0.13
2.0
0.41
2.2
Total

4.01

3.71

3.03
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2.34

1.88

1.34

Figure 23. Seagrass habitat gain predictions for SLR scenarios.
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The initial analysis for seagrass habitat viability focused on whether the C660 was
adequate to meet the seagrass light requirements and if the seagrass could actually colonize the
areas. Using a buffer of 93 m from the nearshore edge of the seagrass bed, the viable new
habitat based on potential Thalassia growth for 2010-2100 was calculated (Table 13). With the
consideration for the ability of seagrass to colonize the new habitat, the range for seagrass habitat
gain was 1.34 km2 to 4.01 km2. This range was much lower than the total habitat gain (Table
12).
The C660 was also considered in determining the viable seagrass habitat. The C660 was
estimated by applying the mean transmittance for each depth interval calculated for the HSM to
the depths of the new habitat areas. There was no additional effect on the viable area until the
SLR 4ft scenario (Table 14). The greatest reduction from the available new habitat to the viable
seagrass habitat occurred at the SLR 6ft scenario with only 29% of the new area meeting the
viability criteria.
Table 14. Determining the percent of the new seagrass habitat (km2) for STJS from the
SLR scenarios viable for seagrass based growth rates for Thalassia and the estimated C660.
STJS
Total New Habitat (km2)
Viable Habitat for
Growth (km2)
Viable Habitat for
Growth and C660 (km2)
Percent of New Habitat
Viable for Seagrass

SLR 6
9.79
4.01

SLR 5
8.33
3.71

SLR 4
5.75
3.03

SLR 3
3.89
2.34

SLR 2
2.82
1.88

SLR 1
1.78
1.34

2.82

3.09

2.63

2.34

1.88

1.34

29%

37%

46%

60%

66%

75%

The total seagrass habitat gain in CLWN ranged from 1.50 km2 to 8.55 km2 (Table 15).
In comparison to the potential habitat loss (Table 11), the greatest total seagrass habitat gain at
SLR 6ft scenario (8.55 km2) was less than the smallest potential seagrass habitat loss for the SLR
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3ft scenario (10 km2). The largest increase in seagrass habitat gain occurred between the SLR
3ft and SLR 4ft scenarios. This change in sea level corresponded with inundation over the
existing seawalls.
Table 15. Total seagrass habitat gain area (km2) in CLWN for SLR scenarios summarized
by depth interval of 0.2 m.
DEPTH

Total

SLR 6

SLR 5

SLR4

SLR 3

SLR 2

SLR 1

0.2

0.33

0.43

0.60

0.43

0.25

0.36

0.4

0.75

1.16

1.09

0.77

0.58

0.56

0.6

0.98

1.24

0.99

0.63

0.75

0.21

0.8

1.29

1.07

0.68

0.73

0.36

0.13

1

1.14

0.83

0.65

0.60

0.14

0.25

1.2

1.01

0.64

0.77

0.23

0.32

1.4

0.69

0.73

0.39

0.13

1.6

0.64

0.62

0.15

0.28

1.8

0.78

0.25

0.35

2

0.42

0.12

2.2

0.15

0.29

2.4

0.35
8.55

7.39

5.67

3.79

2.41

1.50

The seagrass species distribution analysis for CLWN determined Halodule was the
dominant seagrass in the nearshore areas as described in Chapter 2. Using a buffer of 201m from
the nearshore edge of the seagrass bed, the viable new habitat based on potential Halodule
growth for 2010-2100 was calculated (Table 16). With the consideration for the ability of
seagrass to colonize the new habitat, the range for seagrass habitat gain was 1.37 km2 to 5.15
km2. This range was much lower than the total habitat gain (Table 15).
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Table 16. Viable areas for seagrass for the potential new habitat from the SLR scenarios in
CLWN considering the mean horizontal rhizome elongation growth rate of Halodule (2.23
m/yr).
Depth SLR_6 SLR_5 SLR_4 SLR_3 SLR_2 SLR_1
0.79
1.18
1.18
0.80
0.93
0.88
0.2
0.61
0.60
0.41
0.45
0.48
0.11
0.4
0.67
0.50
0.38
0.63
0.18
0.34
0.6
0.57
0.37
0.58
0.30
0.10
0.03
0.8
0.42
0.45
0.50
0.12
0.32
1.0
0.38
0.63
0.19
0.27
1.2
0.56
0.32
0.10
0.11
1.4
0.52
0.13
0.33
1.6
0.21
0.21
1.8
0.10
0.17
2.0
0.34
2.2
Total

5.15

4.55

3.67

2.68

2.02

1.37

The C660 was also considered in determining the viable seagrass habitat. The C660 was
estimated by applying the mean transmittance for each depth interval calculated for the HSM to
the depths of the new habitat areas. There was no additional effect on the viable area until the
SLR 3ft scenario (Table 17). The greatest reduction from the available new habitat to the viable
seagrass habitat occurred at the SLR 6ft scenario with only 40% of the new area meeting the
viability criteria.
Table 17. Determining the percent of the new seagrass habitat (km2) for CLWN from the
SLR scenarios viable for seagrass based growth rates for Halodule and the estimated C660.
CLWN
Total New Habitat (km2)
Viable Habitat for
Growth (km2)
Viable Habitat for
Growth and C660 (km2)
Percent of New Habitat
Viable for Seagrass

SLR 6
8.55
5.15

SLR 5
7.39
4.55

SLR 4
5.67
3.67

SLR 3
3.79
2.68

SLR 2
2.41
2.02

SLR 1
1.50
1.37

3.44

3.72

3.24

2.57

2.02

1.37

40%

50%

57%

68%

84%

91%
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While the calculation of viable seagrass habitat from the SLR scenarios for C660 was
interesting, the method of applying a mean transmittance did not provide the adequate resolution
and accuracy in comparison to the rest of the modeling and was not included in the summary of
potential habitat gain and loss as a factor of viability. This method would need to be refined
through future research.
The summary focused on not only the amount of new habitat, but also the ability of the
seagrass to colonize the new habitat based on the horizontal growth rates (Table 18). Even for
the SLR 1ft scenario, the loss of habitat was greater than the gain of habitat for both strata. The
viable habitat was less than the area of habitat gain for all the SLR scenarios in STJS and all but
one SLR scenario (2ft) in CLWN.

Table 18. Summary of the potential gain and loss of seagrass suitable habitat for STJS and
CLWN (km2). The viable seagrass habitat area is based on the ability of the seagrass to
colonize the new area.
SLR 6

SLR 5

SLR 4

SLR 3

SLR 2

SLR 1

Habitat Loss

43

41

34

24

17

10

Habitat Gain

10

8

6

4

3

2

Viable Habitat Growth

4

4

3

2

2

1

Habitat Loss

17

17

15

10

7

4

Habitat Gain

9

8

6

4

2

2

Viable Habitat Growth

5

5

4

3

2

1

STJS

CLWN
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Comparing the suitable seagrass habitat loss and gain with the viable habitat depicted a
less than optimistic scenario for the sustainability of the seagrass resource in the face of
predicted SLR. In STJS (Figure 24) and CLWN (Figure 25) the rate of seagrass habitat loss
greatly outweighs the potential habitat gains. In addition, these habitat gains assume that the
shoreline structure will not be armored to prevent inundation. Further alteration to the shoreline
could reduce the habitat gain.

Figure 24. Comparison of the suitable seagrass habitat gain (km2) versus loss (km2) in STJS
and the viability of the new areas (km2) based on the ability of the seagrass to colonize the
area through horizontal rhizome elongation.
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Figure 25. Comparison of the suitable seagrass habitat gain (km2) versus loss (km2) in
CLWN and the viability of the new areas (km2) based on the ability of the seagrass to
colonize the area through horizontal rhizome elongation.

5.4.3 IMPACTS OF SEA LEVEL RISE ON THE SEAGRASS RESOURCE
To further understand the implications of SLR on the preservation of the seagrass
resource, it was necessary to consider the dynamics of the suitable habitat loss and gain
pertaining to the resource management strategies. The driving factor in the HSM for potential
loss of habitat along the deep edge of the seagrass beds was the available light for the seagrass
(C660). Thus, it was reasonable to conclude that improvements in water clarity could help
mitigate the loss of habitat. Many water quality metrics contribute to water clarity including
chlorophyll, turbidity, total suspended solids, CDOM, and other nutrients. The concentration of
these water quality metrics may be influenced by terrestrial run-off (Janicki 2011). The
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strategies to manage water quality in the study area were specified by Pinellas County Watershed
Management (County) and included eliminating point and non-point pollution sources.
The County established targets and thresholds for water clarity in the study area based on
transmittance (Table 19). Based on the data used in the HSM (Chapter 4) the mean
transmittance for STJS was 91% (n= 136, SD = 6.5) and CLWN was 83% (n=140, SD = 8.5). In
general, the mean transmittance was close to the management target for water clarity developed
in the Comprehensive Conservation and Management Plan (CCMP) and Table 6 (Janicki 2011).
The predictions of the HSM based on the C660 did not determine suitable habitat along
the deepest edge of the seagrass. The seagrass along the deep edge had a lower shoot density
than the adjacent shoreward bed. While many factors contribute to the patchy seagrass dynamic,
these areas could already be living at the threshold for light availability and vulnerable to small
changes in water quality. It was reasonable to conclude that any decrease from the current
transmittance could further reduce seagrass coverage in these areas.

Table 19. Water quality management targets and thresholds for STJS and CLWN based
on the findings of the CCMP (Janicki 2011).

STJS
CLWN

Transmittance
Target (%)
90
82

Transmittance
Threshold (%)
83
75

The potential areas for seagrass habitat gain from SLR were considered for viability of
C660 and seagrass growth for colonization. In addition, it was important to understand the
spatial distribution of the new habitat in relation to the type of shoreline in the study area. It was
necessary to delineate the shoreline based on altered and unaltered categories. Overall, the study
area was 54% altered shoreline and 46% unaltered shoreline (Table 20). The anthropogenically
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altered shorelines included seawalls and rip rap with and without buffer zones. The buffer zones
were adjacent to 11% of the altered shoreline. These buffer zones provided a slight advantage
for the seagrass to colonize these areas depending on the width of the buffer and interspecies
resource competition. The unaltered shoreline was categorized as natural, residential natural, or
island. The areas delineated as islands had no anthropogenic alteration and were either spoil,
barrier, or mangrove islands. The residential natural shoreline represented areas with houses
situated on the lot that did not construct a seawall or rip rap barrier. While these shorelines do
not currently have alterations to prevent inundation, it would be reasonable to assume that the
property owners would take measures to prevent rising sea level from destroying their houses.
Thus, the residential natural shoreline could allow seagrass to colonize for the 1-2ft SLR
scenarios, but alterations to protect the property at the greater SLR scenarios could negate these
benefits.

Table 20. Percentages of delineated shoreline types in the study area.
Percent of Shoreline
Total Altered Shoreline
Seawall
Seawall with Buffer
Rip Rap
Rip Rap with Buffer

54
39
8
4
3

Total Unaltered Shoreline
Natural
Residential Natural
Islands

46
26
5
15
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The spatial distribution of the shorelines types revealed that in STJS the altered and
unaltered shorelines were interspersed along the eastern shoreline (Figure 26). Honeymoon
Island in the southeast portion of STJS had limited anthropogenic alterations and could
potentially provide suitable seagrass habitat. In CLWN, the altered shorelines dominated the
majority of the area with the unaltered shoreline focused in the northwest area corresponding
with Caladesi Island State Park.
To determine potential issues with the SLR scenarios specific to shoreline types, we
examined three examples (Figures 27, 28, 29). The first example focused on the unaltered
natural shoreline in STJS along Honeymoon Island (Figure 27). Based on the mean horizontal
rhizome elongation rates for Thalassia over the 90 year timespan (93m), the seagrass would
likely colonize into the new habitat up to the SLR 3ft scenario. Beyond the 3ft SLR, the
additional new habitat would be mostly beyond the growth limits for Thalassia. At the SLR 5ft
scenario, nearly all of Honeymoon Island was predicted to be underwater. These model
scenarios did not take into account for the geophysical processes including sedimentation and
shoaling which could potentially increase the size and the elevation of the island. At the SLR 6ft
scenario, portions of the new habitat may not be viable seagrass habitat based on the depth and
water clarity.
The second example focused on the altered seawall and rip rap shorelines in CLWN
along the eastern shoreline (Figure 28). The seawall and rip rap shorelines were interspersed
along this area with the majority of the rip rap on the southern end. At the SLR 1ft and 2ft
scenarios, there was minimal new habitat other than the islands in the western portion. At the
SLR 3ft and 4ft scenarios, new habitat was available in the portions with a rip rap shoreline. At
the SLR 5ft scenario, the water continued to inundate the rip rap areas and, in turn, begin to back
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flood the seawall areas. At the SLR 6ft scenario, nearly all the new habitat was within the
growth limits of the Halodule (201 m). The growth rate was based on the mean horizontal
rhizome elongation rates for Halodule over the 90 year timespan (201 m). However, this growth
rate only took into account for the horizontal rhizome elongation and did not consider the
vertical direction. Although new habitat was provided through the back flooding of the seawall
shoreline, it would be unlikely for the seagrass to colonize over the vertical barrier of the
seawall. Even if the geophysical processes caused sedimentation along the seawalls, the vertical
step would likely prevent the horizontal growth of the seagrass into these areas.
The third example focused on an area with a mixture of altered and unaltered shoreline
types in STJS (Figure 29). The shorelines consisted of residential natural, seawall, and rip rap
types. The neighborhood was built on a small peninsula with some dredge and fill to increase
the topographic elevation. In the SLR 1ft scenario, there was an inlet (orange box) connected to
a pond area intended for stormwater runoff. Unfortunately, this hydrodynamic connection
allowed the SLR inundation of the area and back flood a large portion on the area in the SLR 2ft
scenario assuming that the connection was not altered. At SLR 3ft scenario, the water did not
yet breach the area with rip rap and the back flooding caused the largest impact. At the SLR 3ft
and 4ft scenarios, the majority of the western neighborhood was inundated. As previously
discussed, regardless of the straight distance to the seagrass from the new habitat areas, the
vertical barrier of the seawalls could prevent the colonization of these new areas. However, the
integrity of the seawalls could be compromised from the hydrostatic pressure of the increase sea
level and/or erosion. At the SLR 5ft and 6ft scenarios, the new habitat expanded well beyond the
distance for viable seagrass growth.
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Figure 26. Spatial distribution of shoreline types throughout the study area.
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Figure 27. Example for the inundation of the unaltered natural shoreline type for the SLR
scenarios focused on Honeymoon Island in STJS.
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Figure 28. Example for the inundation of the altered seawall and rip rap shorelines for the
SLR scenarios focused on CLWN.
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Figure 29. Example for the SLR inundation of an area with a mixture of altered and
unaltered shoreline types in CLWN. The box (orange) indicates a hydrologic connection.
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While this research examined a wide range for SLR scenarios from 1ft to 6ft, the actual
SLR experienced by 2100 was predicted fit within this range. If the SLR rate remained constant
at the observed 2.4 mm to 2.8 mm per year, then the area could reasonably have approximately
1ft of SLR in the 90 year timespan from 2010-2100. Based on the SLR 1ft scenario, there were
14 km2 of suitable seagrass habitat lost and 4 km2 of new habitat gained with approximately 2
km2 of viable area for seagrass colonization (Table 18). However, if the rate of SLR increased to
1 cm per year, then 3ft SLR may be possible (Parris et al. 2012). At SLR 3ft scenario, the
seagrass resource would suffer habitat loss up to 34 km2 of suitable habitat along the deep edge
of the seagrass beds and only gain 8 km2 of new habitat of which only 5 km2 may be viable for
seagrass colonization based on the growth rates (Table 18). Either of these SLR scenarios would
negatively impact the seagrass resource assuming the water quality remained the same and the
current state. If the SLR approached the 5ft and 6ft scenarios, then it is possible there would no
longer be enough of the seagrass resource left to colonize the new habitat. Although there was
no way to validate the scenarios in this SLR model at this moment, these issues should be
considered when discussing the long-term management strategies to preserve the seagrass
resource.

5.4.4 SEA LEVEL RISE MITIGATION FOR SEAGRASS RESOURCE
MANAGEMENT
While the exploratory analysis of the potential effects of SLR on the seagrass resource
was an interesting exercise, it also allowed insight into future environmental management issues.
The management approaches for the study area were previously discussed (Section 5.2). The
current resource management strategy included water quality targets and reductions in point and
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non-point pollution sources (Janicki 2011). The overall goal of the CCMP was to maintain or
increase the acreage of seagrass. These strategies could be adequate to maintain the current
geographic extent of the seagrass resource; however, with the additional complexities introduced
by SLR, they may not suffice. Even if the water quality improved by 10%, the SLR 1ft scenario
would negate the benefits to the seagrass resource in terms of available suitable habitat. In fact,
the water quality in the study area was already considered very good (Levy et al. 2011, Levy et
al. 2008). At the current or slightly improved water quality, the seagrass resource would still
decrease under all of the SLR scenarios. These findings would not support the use of seagrass as
a response variable, indicator of imbalance in flora due to nutrient enrichment, to index improved
or degraded water quality as suggested by the Impaired Waters Rule (IWR) in the State of
Florida Statutes (Chapter 62-303) which was adopted by the State of Florida Department of
Environmental Protection in response to the requirements of the Clean Water Act (1976).
Additional strategies must be developed to sustain the seagrass resource and mitigate for the
effects of SLR.
Along the nearshore edge of the seagrass beds, management strategies could maximize
the amount of viable seagrass habitat from inundation. The seagrass would likely colonize the
new areas through rhizome elongation. However, the vertical step of the seawalls, even if they
were inundated, could be an unsurpassable boundary preventing seagrass colonization.
Currently, seawalls composed 47% of the shoreline in the study area (Table 20). By reverting a
portion of the seawalls to a residential natural or rip rap shoreline with a sloping gradient, the
probability of seagrass colonizing the new habitat would increase. Unfortunately, the property
owners would likely object to sacrificing a portion of their land to voluntarily refurbish the
shoreline.
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Possible management strategies to encourage the restoration of a natural shoreline could
include altering the permit requirement for seawall construction and repair, or rolling easements.
Currently, the Pinellas County municipal code of regulations (Section 166-359 Seawall
Placement Restrictions) for the construction and repair of seawalls requires: 1) construction
permits; 2) replacement seawalls not to be placed more than 1ft seaward of the existing seawall;
3) no construction of seawalls upon a shoreline supporting wetland vegetation unless between
two existing seawalls; 4) installation of riprap at the base of new and replacement seawalls with
more than 25% repair; 5) riprap should be used where possible and must contain clean concrete
or natural rock at a slope no greater than 30 degree angle; 6) riprap not used to extend upland
area; 7) “Stabilization by the use of vegetation shall be required in lieu of shoreline hardening
wherever possible;” and 8) the resident demonstrates that the stabilization of the shoreline with a
vegetative option was not viable.
Although the County municipal code encouraged residents to consider riprap and
vegetation options for the stabilization of the shoreline, the majority of the anthropogenic altered
shoreline in the study area remained seawalls. Further steps, such as tax rebates, could be taken
to influence residents to voluntarily replace the seawalls with riprap or vegetation. Based on the
SLR analysis examples, if an adjacent residential property already has a residential natural or
riprap shoreline, the probability of the property with the seawall back flooding from inundation
increased. Unfortunately, despite the efforts to harden and stabilize the shoreline, the SLR
scenarios suggested the water would inundate the seawall shorelines at levels between 3ft and
4ft. At the SLR 5ft and 6ft scenarios, nearly all of the seawalls became useless. These increases
in sea level were based on mean-high water and did not account for additional erosion, storm
surges, or tidal fluctuations.
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On a regional level, the Tampa Bay Regional Planning Council (TBRPC) and the Tampa
Bay Estuary Program (TBEP) provided technical reports to address the potential impacts of SLR.
The TBRPC examined the probability of SLR scenarios through 2200 based on the EPA SLR
equation (TBRPC 2006). In review of the policies for Pinellas County, the TBRPC provided a
map with the expected response for dealing with seawater inundation (Figure 30). In comparison
to the SLR seagrass suitable habitat gain results (Section 5.4.2), it seems that Pinellas County
intends on protecting nearly all of the shoreline areas that would provide future habitat for the
seagrass accretion. Within the review of stakeholder comments in the TBRPC (2006) report, the
representatives of the local governments felt the maps reflected their intentions to protect the
already developed coastal areas; however, they acknowledged that realistically, depending on the
SLR scenario, the overwhelming costs of preventing inundation would make protection of all of
these areas improbable. It should be noted that within the TBRPC (2006), there was no mention
of seagrass.
The Tampa Bay Estuary Program (TBEP) provided a report updating the vulnerability
assessment for the critical coastal habitats (2012). The project applied the Sea Level Affecting
Marshes Model (SLAMM v. 4.) created by Glick and Clough (2006). The model indicated
reductions in salt marsh and oligohaline marsh areas, and an increase in mangrove areas based on
SLR scenarios (e.g., 0.5 m, 1.0 m, 1.5 m, 2.0 m) by 2100. They considered both management
options of protecting the current developed shoreline and allowing inundation and coastal habitat
accretion. Overall, the model expected losses of the freshwater wetlands, salt marshes, and salt
barrens. The mangroves areas were predicted to increase only at the expense of the other habitat
losses. It was noted that seagrass projections were not available from the model, so the 2010
estimates were applied. The results discussed in Chapters 4 and 5 could possibly assist with this
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data gap. While the TBEP (Sherwood and Greening 2012) report alluded to the potential gain of
habitat for seagrass, they did not consider the potential loss of habitat along the deep edge of the
grass bed.

Figure 30. Anticipated response map to SLR in Pinellas County based on the analysis by
the (TBRPC 2006). Image is from Appendix A of the TBRPC (2006) report.
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The TBEP previously established targets and goals to restore the balance of the coastal
habitats. In light of this analysis (Sherwood and Greening 2012), the TBEP intended to revise
the habitat plan and consider aiming for a mosaic of estuarine habitats which would provide
ecological, social and economic, aesthetic, and intrinsic benefits. The TBEP management
revised management strategies included 1) identifying acreage estimates for the critical coastal
habitats and establishing necessary shifts for the management paradigm; 2) developing long-term
monitoring programs for the mosaic critical coastal habitats to assess the trends and ecological
functions including natural and anthropogenic impacts; 3) identifying opportunities for coastal
habitat acquisition, protection, restoration, and refugia; 4) developing habitat restoration
techniques to improve coastal habitat resiliency to mitigate SLR impacts; 5) educating the
coastal communities of the potential SLR impacts and practices to improve habitat resiliency; 6)
improving the available management tools for climate change planning.
While both regional agencies, TBRPC and TBEP, are integrating climate change SLR
impacts into their planning activities, there is still an obvious gap between the urban planners and
the environmental managers. In addition, neither plan addresses the marine habitats. Even with
the development of the NOAA Coastal Flooding and Sea Level Rise viewer (NOAA 2012), the
seagrass resource was not considered.
It will be necessary to integrate the seagrass resource management with coastal shoreline
management strategies to mitigate for SLR. The EPA identified four fundamental pathways for
responding to SLR including armoring shorelines, elevating land surfaces, accommodating
habitation, and retreating from the shoreline (Titus 2011) (EPA 2011). In the approach of
retreating from the shoreline affected by SLR, the EPA presented the concept of rolling
easements. The State of Texas set a precedent for rolling easements over the past decade. Based
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on an in depth review of the current status of the legal aspects of rolling easements in Texas,
McLaughlin (2010) described the recent court cases weakening the application of the legal
doctrine. In Texas, the Texas Open Beaches Act (TOBA) applied a similar rolling easement law
for property on beaches facing the GOM (McLaughlin 2010). The purpose of TOBA focused
on providing beach access and rights to the public between the low mean water line and the
vegetation line. If the vegetation line moved upland and a property structure was seaward of the
line, then the state of Texas could require the removal on the structure and/or acquire the land.
The main debate erupted between Texas and affected property owners to differentiate
circumstances where erosion or avulsion occurred.
The State of Florida has already established regulations for coastal areas including the
Strategic Beach Management Plan (FDEP 2008), and the coastal construction control line (FDEP
2006, FDEP 1999). In addition, cities have experienced legal conflict over the property rights
and erosion issues on the east coast of Florida. It is inevitable that these issues will occur on the
west coast of Florida in the near future. Overall, the concept of rolling easements mainly
applied to the preservation of beach access for the public.
It is unlikely the rolling easement approach would be applicable to all the coastal
shorelines. In fact, the development of unique shoreline management strategies is quite
probable. Researchers have suggested various approaches to shoreline and coastal management
with qualitative and quantitative decision making tools (Grannis 2011, Kiker et al. 2005,
Mitchum 2011). Specific to SLR and seagrass habitats, Bjork et al. (2008) provided a technical
report with general recommendations for management strategies.
If the State of Florida and/or Pinellas County pursued a rolling easement approach and
integrated the marine resource management with the coastal shoreline management, additional
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options for continued sustainability of the seagrass resource would be available. An important
issue revealed from this research focused on the ability of the seagrass to colonize the new
habitat provided by SLR. Another alternative to maximize the colonization would be to conduct
restoration plantings of seagrass in the predicted suitable seagrass habitat areas beyond the
estimated growth range of the seagrass. This approach would help fill the spatial gaps between
the seagrass beds and mitigate for the inability of seagrass to overcome the vertical boundary of
the seawalls.
From the discussion, it was apparent that many alternative management strategies must
be considered at an ecosystem level to begin to address the complexities of sustaining the
seagrass resource to potential SLR impacts. While this study focused on the potential impacts of
sea level rise, other aspects of climate change may also impact the vulnerability and
sustainability of the seagrass resource. Short and Neckles (1999) suggested that ocean
acidification, increases in wave energy, increased rainfall causing excess nitrification, changes in
salinity and available light could add stress to the seagrass resource. These complexities will
provide challenges to the resource management to maintain the resiliency and sustainability of
the seagrass resource.

5 .5 CONCLUSION
The evaluation of the SLR scenarios provided valuable information for the long-term
impacts on the seagrass resource. The application of the HSM for the habitat loss produced
reasonable results based on the C660 variable. The utilization of the Coastal Flooding and Sea
Level Rise model (NOAA 2012) improved the analysis by including the hydrologic connections
for the sea water inundation. In addition, considering the viability of the areas of habitat gain
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based on the horizontal growth of the seagrass provided insight into the potential deficit of
seagrass habitat in the face of SLR. In efforts to sustain the seagrass resource in this urbanized
area, environmental managers must mitigate for SLR in order to improve the resilience and
sustainability of the seagrass resource. However, the environmental resource managers must
develop plans for SLR mitigation at the ecosystem level incorporating the marine habitats with
the critical coastal habitats and the urbanized lands to ensure the persistence of a balanced
ecosystem.
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CHAPTER 6. CONCLUSIONS
The purpose of this research was to evaluate the habitat vulnerability of the seagrass
resource to the potential impacts of changes in sea level and to consider proactive resource
management approaches for the long-term resilience and sustainability of the resource. The
preservation of the seagrass resource is quintessential to the productivity of the marine
ecosystem as it provides essential fisheries habitat and functions for many marine species.
The anthropogenic alteration of the shorelines in the urban landscape complicates the
natural strategies of the seagrass to adapt to changes in sea level. Current management practices
address water quality issues and physical disturbances to seagrass; however, the mitigation for
impacts from long-term climatic change such as sea level variation remains beyond the temporal
scope.
The spatial, GIS-based, integration of seagrass monitoring and assessment information
with components of the physical environment and simulation of future scenarios allowed the
exploration of long-term changes and impacts to the resource from various sea level rise
scenarios. However, as for any model, the accuracy of the results is dependent on the quality of
the input data. Two primary models were applied for this research, the HSM and the SLR
model. In addition, spatial interpolations and classifications were necessary to provide the
necessary input data. Table 21 provides accuracy estimates for the various components. While
it was not feasible to combine the accuracy estimates for these components to calculate an
overall estimate, the application of these methods should always take into consideration the
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potential errors when developing management strategies. The predictive GAM in STJS was
more accurate in the continuous and no seagrass areas, but predicting suitable seagrass in the
patchy areas was challenging. The Pearson Correlation was used to compare the resulting
geoprocessed rasters to the observed data. The transmittance raster was interpolated from the
ambient water quality data (n=272). The accuracy would have improved with an increase in
sampling points. Future research may apply the HSM and SLR scenarios to other areas in
Pinellas County including CLWS and Boca Ciega Bay which have similar available data.

Table 21. Accuracy estimates for the modeling components. The SGRM was a composite of
the HYP and TM MLC maps. The predictive HSM used the GAMs for STJS and CLWN.
The bathymetry and transmittance rasters were used to calculate the C660 raster and
input to the predictive HSM.
Overall
Accuracy
SGRM
HYP
TM
SWFWMD
SAV Map

95%
91%
90%

Validation
Accuracy
81%

Correlation

Change Detection
+/- 6 km2 Seagrass Area

80%
+/- 10% Transmittance

HSM
GAM STJS
GAM CLW
Rasters
Bathymetry
Transmittance

82%
95%
0.97
0.79

Overall, the HSM provided a tool to explore the potential impacts of sea level rise on the
seagrass resource. By better understanding these additional stresses to the resource,
environmental managers can consider alternative approaches for sustaining the resource.
Ultimately, the changes in sea level could significantly affect the amount of suitable habitat
available for the seagrass resource. The predicted loss of suitable seagrass habitat far outweighs
122

the gain of suitable seagrass habitat from inundation. The reduction of the geographic extent of
the seagrass resource could cause cascading effects through the ecosystem. Management
consideration for the potential SLR impacts is essential to the long-term resilience and
sustainability of the seagrass resource. In addition, the environmental management must develop
plans for SLR mitigation at the ecosystem level incorporating the marine habitats with the
critical coastal habitats and the urbanized lands to ensure the persistence of a balanced
ecosystem.
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APPENDIX A. HABITAT SUITABILITY MODEL DETAILS

CLWN CORRELATION (R) MATRIX
Variables
Transmittance

pH
0.11

pH
Salinity

Salinity

Bottom_Type

0.13

0.18

0.37

0.76

0.14
0.16

Bottom_type

Turbidity

Bathy

C660

0.19

0.75

0.19

0.1

0.02

0

0.13

0.03

0.02

0.05

0.09

0.12

0.03

0.07

0.18

0.03

0.17

0.02

0.02

0.07

0.16

0.04

0.06

0.1

0.08

0.1

0.09

0.12

Chl_a

Chl_a

TSS

TSS
Turbidity

0.73

Bathy
C660

CLWN GAM FIT MODEL SUMMARY
Family: binomial
Link function: logit
Formula:
ClassSG ~ s(Sal) + s(chl_a) + s(TSS) + s(r_1)
Parametric coefficients:
Estimate Std. Error z value Pr(>|z|)
(Intercept) 7.190
4.092 1.757 0.0789 .
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df Chi.sq p-value
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s(Sal) 1.493 1.840 3.079 0.18537
s(chl_a) 1.000 1.000 0.076 0.78216
s(TSS) 1.000 1.000 0.637 0.42487
s(C660) 2.612 2.991 16.198 0.00103 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
R-sq. (adj) = 0.753 Deviance explained = 73.3%
UBRE score = -0.57506 Scale est. = 1
n = 138
Method: UBRE Optimizer: outer newton
full convergence after 11 iterations.
Gradient range [-7.022257e-07,1.548025e-07]
(score -0.5750551 & scale 1).
Hessian positive definite, eigenvalue range [8.742085e-08,0.08773947].

CLWN GAM SIGNIFICANT VARIABLES MODEL SUMMARY
Family: binomial
Link function: logit
Formula:
ClassSG ~ s(C660)
Parametric coefficients:
Estimate Std. Error z value Pr(>|z|)
(Intercept) 6.751
3.214 2.101 0.0357 *
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df Chi.sq p-value
s(C660) 2.487 2.872 14.44 0.00222 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
R-sq. (adj) = 0.726 Deviance explained = 69.5%
UBRE score = -0.58205 Scale est. = 1
n = 138
Method: UBRE Optimizer: outer newton
full convergence after 5 iterations.
Gradient range [6.693758e-07,6.693758e-07]
(score -0.5820459 & scale 1).
Hessian positive definite, eigenvalue range [0.00344824,0.00344824].
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CLWN MODEL PERFORMANCE SUMMARY
Area under the ROC curve (auc)
= 0.969
Mean cross-entropy (mxe)
= 0.184
Precision-recall break-even point (prbe) = 0.949
Root-mean square error (rmse)
= 0.235
Cutoff selected by maximizing the Youden index = 0.531
Confusion matrix for that cutoff:
Actual 1 Actual 0 Total
Predicted 1
92
1
93
Predicted 0
6
39
45
Total
98
40
138
Model performance statistics for that cutoff:
Accuracy (acc)
= 0.949
Error rate (err)
= 0.051
Rate of positive predictions (rpp)
= 0.674
Rate of negative predictions (rnp)
= 0.326
True positive rate (tpr, or sensitivity)
= 0.939
False positive rate (fpr, or fallout)
= 0.025
True negative rate (tnr, or specificity)
= 0.975
False negative rate (fnr, or miss)
= 0.061
Positive prediction value (ppv, or precision) = 0.989
Negative prediction value (npv)
= 0.867
Prediction-conditioned fallout (pcfall)
= 0.011
Prediction-conditioned miss (pcmiss)
= 0.133
Matthews correlation coefficient (mcc)
= 0.884
Odds ratio (odds)
= 598.000
SAR
= 0.718
Cohen's kappa (K)
= 0.881
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STJS CORRELATION (R) MATRIX
Variables

pH

Salinity

Bottom_Type

Transmittance
pH
Salinity
Bottom_type
Chl_a
TSS
Turbidity
Bathy
C660

0.17

0.13
0.36

0.11
0.04
0.06

Chl_a
0.65
0.16
0.27
0.06

TSS
0.18
0.14
0.23
0
0.11

Turbidity

Bathy

C660

0.77
0.14
0.16
0.1
0.49
0.11

0.24
0.21
0.05
0.03
0.04
0.02
0.07

0.11
0.16
0.01
0.09
0.01
0.01
0.06
0.78

STJS GAM FIT MODEL SUMMARY
Family: binomial
Link function: logit
Formula:
ClassSG ~ s(pH) + s(salinity) + s(chl_a) + s(TSS) + s(turbidity) + s(C660)
Parametric coefficients:
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Estimate Std. Error z value Pr(>|z|)
(Intercept) 34.45
12.72 2.709 0.00675 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df Chi.sq p-value
s(pH)
2.035 2.369 3.797 0.19212
s(salinity) 1.000 1.000 2.069 0.15030
s(chl_a) 1.000 1.000 0.730 0.39289
s(TSS)
1.000 1.000 0.507 0.47649
s(turbidity) 6.281 6.818 3.240 0.84887
s(C660)
1.000 1.000 7.545 0.00602 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
R-sq. (adj) = 0.884 Deviance explained = 89.4%
UBRE score = -0.70449 Scale est. = 1
n = 134
Method: UBRE Optimizer: outer newton
full convergence after 10 iterations.
Gradient range [-1.248739e-07,1.68605e-07]
(score -0.7044855 & scale 1).
eigenvalue range [-1.68615e-07,0.002997585].

STJS GAM SIGNIFICANT VARIABLES MODEL SUMMARY
Family: binomial
Link function: logit
Formula:
ClassSG ~ s(C660)
Parametric coefficients:
Estimate Std. Error z value Pr(>|z|)
(Intercept) 49.54
17.89 2.769 0.00562 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df Chi.sq p-value
s(C660) 1 1 7.376 0.00661 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
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R-sq. (adj) = 0.725 Deviance explained = 71.7%
UBRE score = -0.70206 Scale est. = 1
n = 134
Method: UBRE Optimizer: outer newton
full convergence after 9 iterations.
Gradient range [-5.540357e-09,-5.540357e-09]
(score -0.7020628 & scale 1).
Hessian positive definite, eigenvalue range [0.00220825,0.00220825].

STJS MODEL PERFORMANCE SUMMARY
Area under the ROC curve (auc)
= 0.958
Mean cross-entropy (mxe)
= 0.698
Precision-recall break-even point (prbe) = 0.984
Root-mean square error (rmse)
= 0.361
Cutoff selected by maximizing the Youden index = 0.957
Confusion matrix for that cutoff:
Actual 1 Actual 0
Predicted 1
99
0
Predicted 0
24
11
Total
123
11

Total
99
35
134

Model performance statistics for that cutoff:
Accuracy (acc)
= 0.821
Error rate (err)
= 0.179
Rate of positive predictions (rpp)
= 0.739
Rate of negative predictions (rnp)
= 0.261
True positive rate (tpr, or sensitivity)
= 0.805
False positive rate (fpr, or fallout)
= 0.000
True negative rate (tnr, or specificity)
= 1.000
False negative rate (fnr, or miss)
= 0.195
Positive prediction value (ppv, or precision) = 1.000
Negative prediction value (npv)
= 0.314
Prediction-conditioned fallout (pcfall)
= 0.000
Prediction-conditioned miss (pcmiss)
= 0.686
Matthews correlation coefficient (mcc)

= 0.503
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Odds ratio (odds)
SAR
Cohen's kappa (K)

= Inf
= 0.713
= 0.404
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APPENDIX B. HABITAT SUITABILITY MODEL:
TRANSMITTANCE INTERPOLATION ERROR MAP
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APPENDIX C. HABITAT SUITABILITY MODEL:
TRANSMITTANCE SENSITIVITY MAP
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APPENDIX D. SEA LEVEL RISE SCENARIO HABITAT LOSS
ERROR MAPS FOR STJS AREA (TOP) AND CLWN AREA
(BOTTOM)
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APPENDIX E. COPYRIGHT CLEARANCE FORM
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